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“J’his (]ocumcnt  was pqarc.(1 [~y tlIL 1<(, li,il~i II ii)’ 1 ill~:illcclin~,  Section of the Jet Pro]mlsion
I..aboratory  ’s office of liII.giI~ccI  i]j~’ ;III I hli:.~i(m Assurance (01 .MA) to dcscribc reccmt
results and pqpss  of a IIIiglJt  AI IL II II; I: ( ‘ll;ila([cri/;itic)]l (IA(’) IcsmIch  task. It
rcprcscnts  one. of a series of an:iiys:(  (If itl lli~,ht  lIaIdwa  Ie antllllalics  which have
occurrd  OJI Jet Propulsion 1,a~)();iit ()])) (. I 1‘1 ), (;(KII.I;I  I d S]xi(:c  1 ‘1 if’,1]1 CI]ltcr ({;S1 ‘(;), aJld
U.S. Air ];orcc unmanned  spau’.  ]) I()[I,l+III\, ]’(JIKk(l  I)y NASA (’()(k  <)”]’  UJK]Cr ]< CSCarCh
‘1’cchnology  operation l’lan (l<’j’( )1’) (L’.! ~ ii 03, cIIlil  lcd / ‘li~))l  A I/(N~laly  C/lflr(icleriz~~licjt?,
their objective is to search fo~ IIN::; IIi II/ It’L, I (tl;iTa((cri/;itioIls  01 ill flig,ht  anomaly data
rclatinp, to tremis, pat[c.rns,  O] simil:i)  i{ I(K 1 I ,i{ caI~ tx’ cxj)loit(xl  to ilnp ovc product
assurance programs. SIJCII iJIl])J()\ILIIICIIt.  II ,Iy ul!iin;itc]y  1c2(I to Icducc(l  numbers of
anomalies on future unmanned hi]’, )lt l)f[)/~1,:.IIIf.

l:or further information on tl~c ior]tc}ll  [II t)l \ rc~K)I [, con(act 1 )a\’i(l obclhcttinger  at
(81 8) 542-6960.
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This NASA IInlnanncxl  l~li~ht AI I[)IIIOIY 1/11 N)rt aII;tlyzcs rc.]x)] icxl anomalim rclatd to the
in-flight pcrfcmnancc of nlczhtitlisllls  (1 I .I{I IJ]o])ulsion 1 ,abmtilt)]y  (J]’] .) unmanned space
prop, rams. With hardware desi[I, II ti~ II IL’ TII{~sl  C(IIIJIII(m  prolmb](’ ca(lsu, these. anomalies
r-date to positioning of the cnt i r (.. sj);i~trr A ([, suci I its gyl”() iilioI]l:lli  CS; Stlllctllrcs, SllCh  aS

physical shadowing of the so]al  aT Iit\I; ,VII(1  II Iodulcs or con~]x)rw]lts,  SKII as antennas.
This type of anomaly tends  to )KW. ;+II II I; IjLI: lriissioll risk aIIci is ]mrlicular]y  suitd  to
jmwntion  thlough nlodclin{~,  cilllil]j’,  (h si~ll  ,tfi(i  test , “Ilw ol), jcctivc of t}m analysis was
to:

1. l)ctcrminc  whether thr. aIK)JIIaliI,’s  wu[{’ isolat~xl  inci(icnts  OJ- whdhcr the Pdi]urc
nmdcs rcprcscmt  a risk 10 fIItLII~ II T~II:Onnd  n]issions.

2. ldcntify product assuTancr ])1 (K l.s~ it Ijmvcmrnts  10 Tc(illcc  ]nission risk.

‘1’hc report identifies a pattml {)1 li;il(iu;~rl’ .I]]on”]alics  du(. [0 ]l-lt>~tlauical  faults. ‘1’he
ilnpacl  of these. failures on the IC.S]NXII It III ssio]js vas si~,]lif’lcanf in most cam. “1’hc
report recommends cnhanccd  i]ll]cl  I1;III,l Tt:\’i(’Ws  fo] conl~)lcx  II]cctlallisms,  additional
design analysis and review, an(] j]’] (JI +1. iIII ,/iltiOll~l  (l]an[:cs. ,4(lditional  ground  testing is
])d vie.wcd  as  b~ll~ficia]  ill ]) J’CL’(HIIIII[’,  ‘[\ll’\(’ lllCC]l~illi(211  ]’)ro[)l(’I)l  S.

.——. ———-—-_— . - . -. ——. = . ==.= .

docun~ct~t  1)- 1 1 3!:?. i.l.:ital ~all[]ary  199’1.

1. lN’I’l<OI)lJ(;’I’  ION”

!kol~~

‘1’his NASA lJnn]anned l~light  AnoIII;il~  NClK)I I ))re.scl~t~  the fl]ldil]~’,s  of an analysis of anomalies
invo]vinf,  s p a c e c r a f t  mcchanis]]ls Wlli(l) {ii<i not function  in sjmccjli~,ht  as intcndd. ‘1’he
invcstigat  ion is limited to tllc J I’J Vll;il){’,,  VoyIy,cJ,  hla:,clla!l, aIId (ialileo  missions as
documcntd  in the J]’], Payload l~]i[}l[ :?IIOII  I;+] y l)at;tbaw (l’) Ifi,l )). hlaintained by the JIII.
Reliability linginccring Scctiorr,  tl]is (I;IIII};Iv, I}rcsrlltly illc]udcs  (~vcr 5000” in- fli:,ht anomaly
rcporls.

The l’l~Al)  reports include ano]ualits  ItjI,\I it:(l lIy (io.ld;trd  S] KICC. llip,l}t  (kmtcr  ((iSl:C)  and the
lJ. S. Air l~orcc. W i t h  t h e  C).(’C.])(i(~il  01 {’, )[()  allo]]]alics, IIou’(xcr,  these agencies’ flight
proF,ran~s were not analymd in this ILI).)1  I (il]( to the la~k of (Ic,tail(xl  illfo~ltlation on nwchanical
actuation anomalies. Major J]]] fliytli  [)ItIj’  I ~IIIlS ])rioI to Vikillp, ~+erc excluded from study
because of the (lcgrec of harclwar(:  OI)SOI(,,TI”  w--  co]]clusio])s  dI ;{MY)  fro]n the flight behavior
of early 1960s era hardware al-c 11{1{ (II :11 1)’ ,Ilq)li(:at)lc  to CLII 1(111 aIId future flight hardware
rdiabilit  y prop,] ares.



This rcporl is one product of tll(. ) 11{’,111 All{} IIaly (’h;iractl>l  im[iorl  (I;A(:) study, funded  under
NASA 1< ’1’0}’ 323-63-02. ‘J’hc lt](tllo(.)1~){’:,  cstal]listled  in Reftrtmce  (1 ) was applied to the
analysis of hardware positioning ail(l]lia Ii( ~.

Purpose

‘1’hiS  Stlldy iS OIK!  Of a SCrjCS  Of ~]llll)tilllll’(! ]]1[’]lt  Alloll”laly ]< C])OJ~S  f[ll)dd  by NASA ~hk QT
to document investigations of in. lli~’,111  s: mLI<.rdft aII(l illstlllttw]]t dIIoIIlaly  data. The results are
principal] y directed toward reroll]]  t)c)l(]i] y I )1 {~,llw.t  aSSIII arm; ]M (KCSS iIn~M ovcmcnts which WOUI(l
lead to a rcducd lCVC1 of risk fol f[lt~lt  L’ (It itl~:lllmd  SIM(:C  njissims. ‘1 ‘Jw conclusions from these
studies arc pcl linent  to the NASA SI I u~ll S]~~[..ecrtii t ‘I’e.cl Inolo[Is initiative.j which proposes a
hif,hcr risk approach to flight hal cIv,’,1 r t. :1( \ij I J

Rcfcrcncc  (1) suggests a two-st~.p  II I([lIL).1(111)/:y fo] {’,rou])i]l~,  ;ili(l  finalizing, sets of in-flight
spacecraft anomalies with Conllllotl  Cllitl(’iL’l  i~t its, all(nvini:  idi:rlt  i f]cat ioa of product assurance
implications for future progrms. III  ttl:il (II ~:anlr]lt,  a flow dia~]an~  wtis prepared  showing
pertinent data from each in-fligh(  ;aIOIIIHly lcll.}r( i]i 11)( I’I;AIJ. ‘1 ‘() d:itc, this diagram has bezn

J{ (Iuc to the. lalg,~’  IIuinlm of GS}~C and  USA]?prcparc41 only for the major 1)’1 s]M(, ( I,< I
programs. After the ancmla]ics wtt~  it) I til ~I,(:4i l))’ spacwraft  aIId salmscmbly,  t h o s e  t h a t
appeared rclate41  were dcsignatui  as a ~, OLI]} I (II fur ih~] arriilysis. A second flow diagram (sec.
l:i~ure 1 ) is prepared for each C.al]di(i:+l(’ ),1 ()(I) lili~,  of anomalies llilll ]mssil)lc product assurance
program significance,; thermal SCI]SO1  j a I l\Ir cf v~erc idlntif]e41  8s ollc of tllcsc groupings. This
second diagram is further anal yycil  tt I v:! 1 it i all the suslmctc.d ml illations  (identified by “cross-
links” in IJigarc,  1), and to ictciltify  aIIjI I)IIXIL  I. I assur;itlcc  ])]()/,Iii]l)  i]i]plications.

11. IJA’I’A ANAI,YSIS

J1’1.. Pro-)raill s

Applyinf,  the flow diagram tccl~lli(lu~  t~) lll:i t)l J 1’1, spac(cl titt  III O!, I an}s, one cha.mete.ristic
pat[crn that cnwrgci  was a I]unll)cr (}1” L;II  iv 1(.)  I ]i(l-il]isslon  ;l]](l][lalic,~  l(wcaling  mechanical flaws
or structural incompatibilities, ‘1’tl~’s(  o I t n{l:,<blc  in that tlicy ii]cllltlc.  mnjor assemblies and
strllCtllrCs  Whidl typically  ~]])(h~,()  (’),  [(” II!I \’1 1 I:llctioll;il tc.st  1)1 ior to f]i{’,ht.  A third sub-category
is anomalous in-flight pcrfornlan(’c  (I1 i]i.1 i];il Tt>fc]lvlct’  units (11<11s), includd in this category
because of the mechanical conl])l(>xil~  (Jj s] )ilt!  lirl~ Iwal il)~,  jT,yIos.

in-llight anomalies of J]’], instrt~]ncllt~  iIIN~:~Icl noII-11’l , sj)acccral[  MCI c not included in this
analysis because of the. great varial ion III 1111:. extcljt of J]’], (OI even NASA) Reliability
lin~)inccring  co~,ni7mcc  over instl l]IJJU) It t.i( $i)’ ~ I, “J’t~t:  J)’], t’ailurcs  arc exalnined  in 10gure  1
~]sin~ the fli@lt anomaly  charad(’]  iy.ii[l(ll) 1111’t]l’)(.i(l]()~,~ d~]])onstldld ]f’1 ]{ CfCrCnce.  (]). ‘hcnty -

two in-flight anojnalics, including’, 121 d((ti :{~ ‘ hlajo~ 1.<JSS or h4is\ioil  1 >CF,I adaticm,  ” “1’ote.ntial
for h4ajor impact, ” or Significallt  1 .O>L (II I )~ldzti{)]l  of h4issioll,  wc.rc documcntd  cm the
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V i k i n g ,  Voyap,cr, Magcllan, a[]fl  Galilc’{] 1 lij,;~l proil,ralns. “1’11(: [I CI](I doc.s  not appear specific
to any pal-ticu]ar flight ]nwgra]n; the Atl II II(iU ;IIId Alli(ulation (:(1111101 Systcm and instruments
are the most  common sul)systc]lls  aij(..il((, hfost of the. 11011 -IRI1 P~ilulcs  occurred when the
affected mechanism was first cxc]cis[,il, rtjtil]ng  a fut]ctional  d~si~’,r] dcf’r.ct or incompatibility
which had not btxm rccognimd  by dfs)/I II( is,

“J’al)lc  1 shows that this pattcrl]  of ;+[l(lli);{l}(  ~ OCCLII  I(X1 Inost]j ill ]]on. ]cdundant ha rdware .
Moreover, a hi[:h risk to the lllis~ioll  (] (~)rt.uilc<i  hy h~issic)l]  IIrl])act ratill~,s in hold face type)
had a st]ong correlation with ltick  t~f r~ ,Illrl{i  ticy. A lthoug,l]  soflwarc l)atchcs or opcrat  ional
workaround solutions were sonmlin~(i  Ic,I(IIJI( , this ]}at[crri of’ allolnalic.s has posci] a substantial
threat to mission success.

IIardwarc  ctcsip,n  emerges in l’i[INICI I V, 11}(’  IIiajol c(llpril arImIIjI, tl]c j)~ot>ablc  causes  of the
anomalies. However, the anomal IUS ili Ill ( .11 ~~.l~lr:il/lllc(  ~lla{lictil/1 1<(1 {I,]ou])ing are too disparate
for fmitflll analysis of commcn~  fi~i IUI ~ III .w~~”s. Raltlcr  (hall rc.wxtlin::  distinct failure trends, the
data analysis in the remainder of SC. C(II.)11 I I is (ii]dcd at c.ti(itil]p,  ])at[c] I IS of dcsisn flaws which
suggest possib]e. oversights or \~[llll(’I;+l)illtil.s II the dc~ign ms[IIa  IIcc ])roccss.

‘1’hc anomaly charactcri7,ations  ill “J’a]Jl(  1 I II.  III 1{ the followil~j!,  it]ci(lcnls documented by in-flight
l’rol}lclJl/l~ailllrc Reports (1’1:1<s) wll(t~ I I it sir (Idl]rc 01 ttlc slmc{cldfl  or instrument interfered
with mission operations:

I’IcR 35407. ‘1’hc Infrared 1’lJCI ll]al hl;~~ ,]),r ~ lR’1’h4) i{l)oal(l  ttlc \/iking, orbiter was designed
to scan the surface of Mars for sif’,lls  LIj u ,Ii 11)11 1, Af[cI ric.ctinp, [hr. t)ioshidd instalted  to prevent
contamination of Mars with l%rlli ol/T,iill]\\]  I IS ;i[ 140[) I]lission }JC)L!]s,  a pr(d)lcnl was discovered
with alignment of the IR1’M ail{l it~ ll(l~l,ill{, TIIC scan rallj’,c of tl~c. 1 R“l’M scan platform
cnvclopc did not permit the “1 )“ tcl{’s[~)]  IQ to fully view tl~c dilf’(lscl ]]latc. It was dctcrminc(]

that the desig,n of the platform ali{,~l]]l[l]t  II Ill ~,tl]sc{i  tllr 11< ’1’h4 l]iis:ili{,ll]]~cl]t.  S])ccifically, the

shimmin~, and Imsitioning  of tl]c CA]II I() j!,il’c’ ltIc ]UO1)UJ mm’ aIl(l (lork constraints relative to
the bus and solar panels resulted ill 111( 11,’1 hl ~icwi~)g ]Iotct)  ]nov i]]{’, ]I)OIC  than the 1(’ tolerated
by the. design.

‘1’hc mission impact was Cvalualt(i  a~ “1’(~t(llli:tl for h~ajo] l]n]xtct,” the] c was no redundant
capability, and no operational woJk;iIo II Iii” w;i> fcasit)l(. ‘1’hc ]csolution  was “lJsc as is. ”

I’I~J< 41003  A&ll.  A more dcfllliti\c  (’X;II  ])]( (If S(I llct~lral  iJltc] (cI~ncc \\Ias the Voyage.r 1 and
11 plume inlpingemcnt. liight days ~11~1 1 LIIICI  (If \’uy2jI,cI 1, (lojy)lu  ]ncas~]rcmcnts  determined
t h a t  thC  ObWVC.(]  Av WaS  a])])loXilllOfl  ‘]:\’  .“(l pcl(cllt  ]Css  tll;it ttl(’ j)tcdictcd  Av. T h i s

performance 10ss was verified t}) tl ii(’1,  i] q,  (i;i[ti foJ Iw[h Voyq,cI  slmcTcI  aft d u r i n g  t r a j e c t o r y

cor rect  ion  manmvcrs (2’~Ms), SiII(.c 1 1[~111  i]~ac(’.clai  I cxhit)itc.d  IImIly identical losses and
propulsion tdcmctry  indicated m~llliJl;\]  it r ,l~(t I opr]titi(m, haIdwdIc  I]mlftinction  was
eliminated as a factor.

(1
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‘ lm.v = Major I.OSS 01 I),I,I,+<I;  I I( II, \J(ijoI : l’t)ttm(idl  !i)r hfaiol  Ir]lr,act,

The prefl ight p] dictions for AV Iw(l t )(([) t),; . .. I.J.I ml a siln])lc.  an<;l~’sis wl]ich forecast a minor
v e l o c i t y  1 0 s s  duc t o  s p a c e c r a f t  w] u[i ii Ilj)irlj iljp, (m the. flow l’ILld of tlm tllrustm pltlmc.

Rq)cating this analysis using ]no]t: sojl]li’l[i,,l[(  ,.1 tcclltli(!~]cs,  tl]c allo]naly  illvcstig,ators  obtainecl

.,I



much higher
a~)proximakd

“Ilis situation
were affected

Pl~R 41005. A very heavy (Iutycy(lr  (\i IIC atlit~dc cwnlrol  tllluslcrs caused VoyagerlJ  to
experience heavy use of attitude O.N It) (~! ;,ai (Iuril}p,  d(yloyJtIct~t  of the NIMS cover (SW PIIX
52603) .  ]Jl]rillg a pitch turn, ]dUIIIC ]l~l])]l]~,tlllc]~t  j’rt)JN tllc ])iti.1] thr ustcls (SW PFR 41 00311)
caused  a  low actual  thrust!  lca(lil]~’,  l<) ,: l,tl{~  pilc]l mwrshoot  al the slarl o f  t h e  turJ1. ‘1’his
resulted jn a technical “angle. ]il~li{ \’i }I;lti(}  I“ v’hi cl) fo] cd s] )ace4J  a ft corredive  JneasLJrcs
leading to heavy gas duty cye.ks  in all tllTlf:  ;Ikes. ‘J’tlr  ]JJ ob]cm Cwldilim]  was abC)lld afkr an
houl”, and an AACS soflwarc ])al,cll  ]Nit Lsl)t(s(i  ;{ rcmcl)rJcl)cr.

A mmta]y Cause: IIdrdware  IX’.fiJ;tt

I’FR 52232. A 0.5 aJnp ckwiati~)jl  ill III, ; k solal paid (m[l)ut,  ;IS co]n])arcd  to the -X p a n e l

Olltpllt,  was dctcctcd  4.4 JW3tlthS aftc{ 12 I 111( ’)1 of Nfay,(’llan, ‘1’IIc tilllin~,  of the power loss was
coiJ]cidcJ~tal  with a pcJ~un]bral  s~)mt,(] ii’. H; p nrlic.J)t  ])laciJl~,  til( alt i ]nctcr anteJIJ]a (Al ,TA)
strtlct~]r~ in front Of thC Wlar ])allC]  Ill ]111~,  \L, lt~l t]”K Stll). l>at;i  s~l~,~,c’stcd  that the Al ,TA was
casting a shadow onto the lowm ])()! Ii(]]l t )1 tl)i \ X ])al)cl,  lcliocillg,  l)owcJ  gcncratioJl.  R e v i e w
of prc-lauJ)ch photos and clrawi J)j’,s SIK}RIL:.I  \Li(  ~~ tin mfclla]). 1 )ue to arl a(lc.(j~Jatc  power margin,
the loss of ().5 amps when the. Al ‘1’A i~:~ III !I{mt 01” IIw solal ]),il)cl  was vicwd as minor and
as havin~ no mission impact.

Amnn[Jly C{ilisc: ltj,vuflricttt  {i~wli,vi~ t ~f ; 1 J c{{!~ [t (I1 i~t{ct;[tircjjcc  ($irlwtt)rol dp.vigtt)

PFJ{ 5 2 2 4 2 .  ‘1’hc Magcllan  solal ]wllul~  1 itlt..l(  (1 duI ill~, lna])pjnj’, ]);+~sc-s, causi rl~ the spacecraft
to oscillate. Analysts noted a g,J~]v’illj’, (ii\(~} i;i)ce. since the bc:,itlJ)iJlg  of Jnapping  opcratimis
bdwem the so]ar array drive, mc)tor (SA} ) !kf ) 1( \IIIJnaIId(’([  posilion  an(l t hc j)otcntiomekr  reading
of actual position. If this slipj)a[’u IIXII I)(J II allou~d to c(n)tinlm, fiif,ht s o f t w a r e  would
ewmtual]y  have signalkd  a SAl)h~ (’(MIII(I1 1 I),S Fmllt ij)dim[iojl. .I 1’1, att r it)~lted  the slippage to
torqlJe applid  t o  t h e  d r i v e  n)c.clla~lisjl~  b) 1:1(0 rc])wtcii  dIaII~,L’s  irl the  (iircction  of pand
nmwmcnt  during jitter. l’he jittcl ii][’, ~.11(.( )[~’lf, I) OWLWCI, v/a\ (“;iusc(i t)}’ a (kfJCiCJICy in the

flight s o f t w a r e  aigorithm u s e d  to Ci{l(i)l(ili.  III( Gt:siJcd  ])aJ)cl ])ositiol)  foJ” (;)liquc  suJl iJ)ci(lcJlcc
allglcs.  ‘J’his prot)leJn was corJcx4t:4i  1+’i{l}  d l);It,  i I to tlw :irliculalion  cwltl 01 flight soflwarc, and
the jitter  was diJninate4i.

The solar pane] [icsign is suscej)tii)lc.  to slij)]);{j’( , whir!) Inay illumu
palld II1OVCJ11CI1{, such as ciuring,  ]MI)t:l  tIII ,i’il}(ls ‘]’iK \)llCOJ)lll’l:tll(  \C(i

Wit h fl CL]llCVlt COJJl  Illall(ki
rnovcJl)cr]t  from the jitter



exacerbated this manageable condi[iol}, ~1’itt~()[lt  tllc  jilter,  occa~iotlal  rc.c.alibrations to correct
dive.rgcnt readings may still I)c IIC(TSS:{I  f 1(.) I )1 csei VC. SAI )h4 fia Lilt  ])] otc.ction.

7’hirlccn mechanical actuation aIIoItIal i~v. sl )arl  II inp,  all [lIC Ilia,jol .11’1 ~ s~)acc.f)ight  programs were
rc~)orled, as follows:

I’FR 35410.  When opcratin~, j]] II(I) III<il  11 11 10C, [he. 1 nfrard ‘) ‘t Ic] DMI hlappcr  (IRTM) scan
mi r ro r  aboard tl]c Viking Orl~it~l  sI1[NIIII )La~ c stvjq)cd  f]orll ])l;iilc(  ]msition to s p a c e  p o s i t i o n

cwry 72 s e c o n d s ,  a n d  t h e n  IcII)2i  IILi.1 ill IIIL s p a c e  ])osiliw}  iol 3 . 3 6  s e c o n d s . on t Wclvc
occasions in 1976, the mirror stc])~)(xl  ]);:{t III( space ~)ositiol)  without  slolq)ing and continued to
the rcfcI cnm position.

T w o  a n o m a l y  m o d e s  w e r e  idclltiflc(l  11)1 all. ]ysis. 1 ‘iTst, (IUI ill~: ll]irro~  transit fmnl planet
posit ion to space position, the ]nil 1,)1 )):)siti~)]l  ci~cmi(’.r occa<iolla]ly  IOSI the space  “TRIJE”
signal, causing anomalous mirjol s!rlq)irl[’  s(,,~llmccs and 1)(: R) 3’1’01<1 ;S. ‘J’his problcm was
resolved hy a s[)ftwarc upgra(ic  illlli[)j(itl) 1 )(’. l<l;S”l’ol<li S whcI) ttlc lliirlOl was not in the space

pos i t ion .

S c c . e n d ,  an cxtla mirror positioj)” sttj)  s(]l),till)(’s  (wcul  I d ill sJ)acc t[)-l)li{lle.t  transit ion,  so that

the IR’1’hl  pointed slightly past tl]c. il[~[]lil]:ll  ])l,~]]ct  ]x)ir]tinp, ]msitio]l. ‘1’hcsc  modes were likely
caused by a combination of no] t]];il wc{~~ ill Il]c. ]notor ~(’aT d] i\’c chain for the mirror, and
misalignment of the mirror drive. v’i(ll Illi’ (!I I( odr~, ‘I-hc occasiorlal  o f f s e t  p o i n t i n g  problcm

could usl]a]ly bc cm-rccted  by co[lln)or](ii]ly,  ttl( 11<’I’M ]Ilirror 10 tIIC s]x{ce  position and then hack
to the. planet position.

P1~J{ 41027. on I)ay 54 the VoyiqI,(l 1 ,( Iciwt ]Jattl~l  In stuck  (iulinl’ an azimuth  SICW. After
lab and in-flight tests were pc.rf(;r t])cd, ]Ikt to III nloti{l[l  \\Ias suc(~’ssf(lll  y commanded, and the
anomaly (ii(i not recur. The spacc(],]ft  ;tIIOIi.,  Ily tmnl (S(:A”l’) il]v(s[i~?,ating  the inci(ient  w e r e
conccrncxi that the same actuatw (i~-sif’,ll  w ;IS 10 bc used to ar[iculalc  Imoms on Galileo.

‘]’CSt rCSlljtS Sllp]X)rtCii  pOSSib](! COJlt;:l  l”llll;  i\i(l:l of ih(’ SCfil) a~t(ldtol ~,Utl train W i t h  potting

material, or act~lator clutch slilqxi~’,c Sill,C \)(~\df,cj ])CI fol l~wnm was not si~,nificantly  affectc(i,
no fllr[hc.r  action was taken, altllol~{’,11  [cl :ir)[i’ {’val~],~tion  of tile a{t~wtor  clutch by the Galileo
pro~cct  was  rccommcn[id.

Pl~J{  41030. At 15 months into [IIL; \~oy2 }1,( I I ~llissiojl, it was dis(ovclc~i that the ~on]n]an(i  an(i
03ntrol  Systcn]  ((:C3) was scn(iin:, ]II;II Ial (II t ~lcw~ (xllnll]ands  to IIIC. Attitwic an(i Articulation

(,I



i

Control  Subsystem (A ACS). 1 ~]rit  lu r z I lil)r~ Is shoved  thfit itll CVCII(S  Sclm-ated by processor A
in the (X3 were occurring, 48 scc[nk( if Im I IY, Seque.IIcc  tiniing, it] the C(X is based on a clock
driven by the 2.4 Khz, poweJ  frt.xll)(ll~~ 1; t~ belicwxl tllfit cxti~ counts  picked up by the. CTS
ripple-counter> possibly duc to (’i]t’i]i( ]I)iw(I: l[; ])atiiCIC CO[ltiill  liIlatioll, ])lacexltt~c~~Stitlling
out of phase with the lncrtial SC!lSIN S[ll:~I,\t,  ~il)ly (i SS). “l’his c:itIstxl  the (;C% clock to be reset,
creatinp, a 48 scconci  offset. ‘1’11(: cOI I t~ Iivc ;.(tion w:i( to reset III(I. clock to eliminate the offset
a n d  @ rc.vise C.Olllllland  SoftWa?l”  t{) ])J OY’j~.\C 10T all ()~ fSC.t [Cst.

IT]{  41010.  When  the Voyag,c]  II s{. )( I I((. t).):)]n w~i dq)loyrd dIIJjII~  ]a[lnch, m i s s i o n  c o n t r o l
failed to receive. the, full dcl)loyI}Ir I)I in{li(,atio]l. 1 t \\’:is co] ICI U(IL’41 tha.1 tllc boom” deployed to

within 0,2 dcg,lea of latching, b[]t ii d~d 1]{}[ II:t[h. No spcciflc  failllrc cause could bc identified;
JP1. conc]uded  that the likely  cams{’  N’,IS CItl~( J dcb] is in tllc fol(lin[’, strut hinge, or insufficient
d r i v i n g  t o r q u e  i n  t h e  foldins SII LIf (1{1 I\ItLIt. I i n  [IIC ])ositii)li  ~u~~ ]IIiOI to fu l l  (icployment.
A{iciitional springs were. a(i(iexi  {[) t)i( scl~’]t~~  [XW]lJ citidoynlelI(  nmi)allisn~  on Voyager I, and
boom (icploymcnt  was successful OII II]i. s]);{(  trrall.

Anomaly ~(ilLV(’:  U)jknown

IT-R 4101s. ‘J’hc V o y a g e r  scalt  ])lilllol III’ s  ,l~inlutll  actuatol  stuck at  26(Y’ a~imuth an(i 2(Y
elevation. The anomaly apJxx3rc4i  to ll:+\( [kc{ causril  I)y an ar[~]alor  iubI ic,ant  fail urc: corrosion

f rom d iss imi la r  meta ls  in  the ac[uato)  ~, L;IIs i~)(i F,ejir shafls and water in the lubr icant .  This
corrosion was worn away (iul ;l)j; :1(.  t(Iil I II II I\C; tllc  dct)]is  jii)1i111e4i thr geal-/shaft  b e a r i n g

assembly,

The actuator  was  frecxi t)y pcrlni[(iny Ili( H(”lll::[(ll”  :,cars to coo]. Af(cl tc.stillg the nleehanism  at
various slew rntcs, scan p]atfol 111 sl(it’il~’ v. ,t< rcs[riclcli  to a I(w) ra te . . Although mission
objc.et ivcs were met, an opport ul ~i t y t t ) )1 I I. ); S,Itu In ao(i its ]i}l~,s ;{( IIi[’h phase angles was lost,
and i magcs of”1 ‘c.this were mi SMX1.

1 ’17114101 9. ‘1’he. l%oto Polarilnr((]  illst]  I, II IICIIt allalyz(l  wlIc.el 011 Vojw/:cI stuck in IWsition 2
a n d  wouki  not m o v e .  ]’owcrin~  t!]l’ il]slr 1111[’111  (m afd t)ff caIIsc4]  IIU chan[:c.  ~hlc e x p l a n a t i o n

of the. fai lure was a fai led intq,]a!cd cil(’ i] III IIIC ]Iic)to]  step lc)gic.  No c o r r e c t i v e  a c t i o n  w a s

feasib]c,  and so]nc 10ss of (iata qualil)  21111 (~u::lltity  l(:s[lltc4i,

A)IomGI]y  Coiisc: (Jttkmw)l

PlrR 52230.  I(ollowing  r e l e a s e  (d” lllt Iwo solar )x+fwts (illlill~,  nc.al-} Rrth l a u n c h  p h a s e ,
Magcllan  telemetry provided no illi[i;il  irl(ilc,:til!l)  t}mt th[. pands  WCIC latchcxi.  ‘1’hc micmswitch

orl each p a n e l  m u s t  c l o s e  t o  pJo\’i(l(’  a 121cl I ill(iication. 1 I Ic ]):IIICIs were them I otate(i into a

p o s i t i o n  where they re,ceivd a “gIavI[~  ;i~;i~.[”  ‘it the Iwxt bun}. A solal ]xtne] latch indication
was reccivcd  a fcw seconds after t’llf,ll)c i{’,]  Ii{i(l) , so no furillcl i~c[i(~ll  was lcquire4i.

)()



Analysis of launch  cnginecrins  t(.lclIi[l Ij SI}(IAI{X1  ttwt thr so]al ])iincl latch indicator changed to
a “1 .AT(~}ll Hl” indication eigtlt scc{~l)[is  ;If [~’1 1 t.zcivinj’ the assis[, alId the. lnission  impact of this
anomaly was rated as “Minor/hlont.” }Lllll{IIII,h  ttlc xlionlidy ]nay ]cplc.sr.nt a failed indicator,
the prevailing view at JPI. is tl]a[ ttlt sol;it lxIIc.t dc])lIJyllm~t  lll(cllanism  failed to fully ctcploy
the. pane]s  pcr design.

I))Vl 52603. ‘1’hc instrument o])tics C(J1 c: atld  radi;iti\w  COOICI  c o v e r  w e r e  cxmmanctcd to be
jct[isoncd from the Galileo Near ltlf],ttl{ hla]lling S]ntIoIncter  (Nlh4S).  ‘J’he two covers were
des igned  to bc unlatched sinlullalito~lsl  y l)) a ]Mi I of” lallyal (is o])c.ratcxi  by a pyro-actuatexi
rclcasc nwchanism. The s11bsc4111~v1t  al)M:II(c  of the c.x])c.ctr.d coolins, tret]d for the I;ocal Plane
Assembly (IWA) was inteqmtai a~ ii f;~IIuI\ of [Iw COOIC] cwv to fully e ject .  After  (ie-
cncrg, iz.ins the N] MS cooler shicl(i  li(..it  ~t, II!{: lllA t<lnpcrat~lr(  ])lulIIz,c[i, and it continued to
[imp at the nolninal  rate. after th( slli(l(i t](dt(t wa! rc clmgi~c(i,

~~ailurc  investigation concluded lhal (x((,sli\’t llati])~, t~f IIIC C(WIUI shic]d by the shield heater
causeii thermal distortion of the co\I~( :to(i slicld, ])]~.loa(iirlp,  tl)r sl)rinp,-driven latch pin and
prevent ing cover release. lhml~’,izili~’,  tli[ .+() ~at( sllitld hcxtr]  I)T im to cover ejection was an
a(id-on f l ight  seqmncc  to drive  (’OIll:ill”ll  l)lil)t\ frotn ttic ladlator  sllicld. This concern about
contalnination arose years after tllc l]ar(i~(’:1 1’ lIad bCL:II  qualif]c(i, ‘1’hc shic]ci  heater was never
activated during cover dcploylll(:.l]t  tllr~ il],il/\  :Icuun~  tc.sts, ami tuil d\varc  desip,ncrs  were n o t
in formcci of the change in planlmi scYj IIt II(L. 1 lcncc, (lcsi{~,n an(i (]llalification of the hardware
were based on faulty  assumptiotl<,

1>11{ 58332. A microswitch on tlw (i:ilil,.u hl; :jInctoI n(tc.r lkN~n~ MWdS  H si~,na] when the boom,
which is collapsible., bccomcs flllly (i{’j)loj’ixi Atmlt  two ycaIs il~to  the (;alilco  mission, the
signal changed to an indication that ttlc tli~{}itl  was not (icj)loyr.(i. } ICNVCVCJ,  all other spacecraft
indications sug,~,cstcd  that the bo{)ln w<~s (1(.I)I(JYuI.

Attached to the h4ag lloom is a b(I ylli~llll ci)j)j):t dcj)lojtncllt laIIyiiI d, w’llich is fcd out by a rate
limiter to control the spe.e4i  of l.me]) t w If tl i ,:{ion (iu] inp, dc~))oylnr.]lt. Norman y slack after
deployment, therlnal  shrinkage of th(’ lati}al  (i i~ lmlic\cd to llavc l~lta[c{i  the. mic.roswitch bracket
about  its lnounting  screws, Groilllti ti’sl~l  {(ltl l’ITm{\(i  that lanyai(i slllinkap,c.  (caused by a drop
in the. te.tnpcrature. of the fibcr~,law  lxx~t] s(1 U(I urc) v.wul(i  un. a[.,t uatr the switch and change the
telemetry state.

l’l~R  52612. When the first inej ii;il  [(II II II I;it  IIIVCI of tl~c. (i;{l  ilo) slmce.cmft was commanded,
an cxccssive turn error  resulted. ‘1’11~  9 d ,~1 J LS(I I I]rn stol)jd  atm~lt  1 (icj!,re~ short of the desired,
attitude. A turn undershoot was I]ot ct)J)sILi(ILK’  of real c(mccm, all(i  crlol correction could await
minical (a coarse calibration bawi [)1} ,t li]llilul  ]]~l]llber of d;Ita ]mints). IIowcver,  mom



significant attitude errors plus C.IIOIIC4JUS t] IIIS of thrus[cr fi~ult  ]notcctiw~  were anticipated with
larger turn radii, and instrument dal) I:{j’,r  I.OIIILI  I cwlt  durinp,  tur I IS II)adc  alter cover deployment.

Analysis showed  that the turn itself \’,;i~ l’:);tlt[llcly  ticluratr  al)d tl~at the, c.rror was introduced
cluring  the 1 7 5  degree stator sle.v,! tl]:il ])r(’J,~>(ii(i the IUI II. ‘1’hc CI I(JI I)uilt up during this ncar-
maximum SICW caused  flight softwalc to I IdIC\L that tht. tu]ji lIa(l stal [c41 in (1IC wren?, p]acc,  and
flight software ])crformed  an “acculiitl’ t (]T Ii It 1 what It thouf,llt was the corfcct attitude. Hence,
the spacecraft turn accuracy m f (u l}u(i~,(.1~ {1 id Imt rdiccl lhc. effect of stator-to-platform
misalignment on the gyro-based at t it (Itit {.s[i ]r!ii[c.

To minimize turn errors, real- tinle suItoI ]]lu]):)\itiol)iI)/~,  Colillt)al)cis  w(le  sent before. each turn.
A minical reduced the residual c] ~o~ to atc~l][;l)le ICVC.IS, a]ld the full Scan  Calibration l’rogram
Set (S~AI ,1’S) calibration proccdur{>  I)]()\’i(lc(l  i urthcr  ~.rror TLxlII((ions.

JT’J{ 52614. I~ollowing  (ialilco  s[al si~,lllitlj’,s,  the Scau Actutitor  Sul)assclnb]y  (SAS) controller
erroneously colnmanded full-scale. til] i]Ilc of !hc SAS. OCCII1 t inp, during cclcstial  pointing
opcrat  ions, about  87,000 o f  tl~[’sc  \’ioli  {[i I.)11 ~wunts  vtu e g(vlcratcd  (Iu] iil.g  the. Venus flyby,
corresponding to 87,000 individ(utl a])])l ic,itiorls of full-scale to]qllc  to tllc SAS. This jerky
motion raise41 concern about accu tllilltittd l~tal J Hfj R’G+I in thr SAS, ald also about  scan platfmm
pointing} pcrforinancc.

The anomalies were char-gcd  to LIIIC:OIII]I~:  IS;II(( i stw  s(xllncr  l))is:ili[”,]l]]~c[]t  (sm }’I’R 52612). At
instances of star sightings, a si~,[~iflcalll  111151V,IICII arow tmlwwn the gyIo propagated position
errors ald star base.(i position c] N)ls, S{)ftl);:re, i])tcrplt:tc(l tl]is dismci)ancy  a s  a  r e a l - t i m e

i n c r e a s e  i n  bearinp, fr iction, re.sul[inj~, ]11 i (l L’III,{II(i  for ;i(i(iiti onal toIquc from tile SAS motor to
comilcnsatc for tile friction.

To lessen the risk of bearing wc2i, ,‘1 \v(l]  ].;ir(llllid \\~i\ otdcrcxj to \]CW ti)c S A S  OIICC CXC}l  (iay

(iuring flyby scicncc-pointing to lu(iistr  It)lit( 1).illinf,  lut)r icant. A i su, a software command was
provi(iezi  to [iisablc scicncc-poit)t  ill]’, st:~ t]., (11,11 jnp, cx[cndc[i  l):] i(~[ls of the flyby when scan
platform science was not active. ‘1’11{’  sl;iil(i;~l(i corlccti\’c a(:tioll  to lnininli7,c accumulakxi

pos i t ion  er ro r  mismatches  i s  comnMII(~  il)~’, i~]; Ii f!.i)t calit)ration, } IOWCVCI, since low telemetry
rates prcve.nt  nwasuremcnt of S(:A 11’S c,(I 11~1 i \ ion lHO{XKILII’C  cffcctivcne.ss in ruiucing  the SAS
torque  s])ikes, an SAS control]cr  COCI(  ill:ill~’t \vas also add~xi to AA(:S softwaw.

PI’R 58331. “1’hc  High (iain Atltclll):I  (11 (i,A) dcplo)iiwnt  aIIOII-Mly aboald Galileo is arguably
the most significant in-flight ]HOI)lCIII  ill tlis ,;ttcpory in tcrjlls of curlcrit  impact on a NASA
pmp,ram. II) April 1991, the Galileo  s]): {(1(1 1 t e.xcculcxi  a (ici)l(}ylnct~t  SCIIUCIICC  wilich was to
open the HGA like an umbrcll~, i)(lt  II ill\’ 1 Ieach(xi ti]c flllly (lcj~loyrii  p o s i t i o n .  I t  w a s
obscrvui  ti]at the two deployment II) LIIOI ~~ (~~)(1 ;~texi fo] 8 mintltcs il]strad of 165 sccomis,



readings for the current drawn by Itl( lII(I1OJS TIdic.;~Icd that thev stiillccl  af[c.r the. first minute,
and telemetry indicated anomalies in SIMCITI  Al’: spin.

Several attempts were made to folce tllc  ;ilil(ll} I;~ to dt]lloy:

2. ‘1’hc structure of the spacecraft wv ~ ,iol!:{  I s!, :imcs by swin~,il)~,  a 1,ow (iain Afltenna (I.CiA-
2).

3. 2’llc HGA dual drive Inotors  W(]C ]) LIIs, d. ])1 );i~lcillg,  cnou~h to]quc to pLI]]  the ribs loose had
they been restrained by the til) fJt I il~p,:

The failure of these  efforts led an;tlys(~ I( I):li( \c thfit scvcr:]l  stink Iibs were restrained at the
pin and socket fittings, provicled 2( ttlc  II l(; j)oi III of [}Ic. w)tenna  l~t)s to lmvcnt  flexing during
launch+ ‘1’his midjmint  restraint fc:tlul  (!; l$~t) l)i IS with sl)hmical  CII(IS lc;i.ctir]g  against an 85 lb.
preload  OJI the spoke. One pin cJ~jLa/’,r $ a (ltI i~ I] so;kct md tllc ot h~’1 a \~- ~,]-oove socket. l’his
V-gIoovc was a J]’I_. innovation; bt)th s{Nk ‘t, ot ttlc or i~, inal  ‘1”1)1<S  dcsij:n were conical. E’igurc
2 il]ustratcs  the location of the flt[ill{’  ~t’it;itl  [1 ~~ Jib  s]K)J:c  il~tclfa.cc.

. . . . 1!, ASF.V.E:L>.
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After a two-yeal  investigation at j]’] , tl ir i;{ I iirc lnecllanisln  wa~ isolated to friction in the
midpoint re.strail]t  pin/socket intc] fii(x’. })! ~l[mdinj’,  of ttlc.  I il)s RflICII stowed at the factory
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damaged the V-groove pin CCMII  Iic  ~{ WI i) Iy,. i~’hich  s(rved [is tllc bondin~  surface for the dry
lubricant. Accumulated stresses f] 01 I I \ I t)r iil i t)li test in:,, ril) pl’t’](dill~,, four cross-country
trips, and post-launch ignition of ttI( ll]~i)t’l  Slil/’,C fur[t]cr disjx’rwd  tlw lubricant film. l)lIC tO
the resulting friction, s o m e  ribs 1~’{~ui~lxi  IIlt)IC foIc( tl]an tllc (Ifivc m o t o r s  could g e n e r a t e ,
causing asymmetrical dcploynlcnt  2!1[I rl~l T ,~i ninj’, f(~l cm whit]) furl}-m reduced the torque
available from the drive system. Wot L.il [)(lld~  ~lsi~l~,  all 1,(;A, JWW data compression tcchnicjues,
and the spaccc]  aft’s recorder art ckl)[>~l~x~  to [Im.t ‘/0 ]mt ccn( of tl]c mission objectives.

Prc-flight ground  tests of antenna  dt’j)l[):~JJl~vI{ wmc succcssf(ll. ‘1 ‘tm only unrcsolvc41  prc-flight
anomaly (P1;R  54090) related to 1 I(; A ]]], (lIaI)Ics  itlvolved Ilmtol ]wwer remaining on after H(;A
deployment during thermal vac{lullt [(s!, .JI’] , analysts  C()]lc]ll(i((i  that vacuum test of flight

antenna deployment without the act ~ltil  ~lt f] ifill t I dat il’c ]not ial l)ct  wcai the pins and sockets was
successful clue to the oxides Rn(i CO IIta II Iiliaflls  on tlw bare titarli(lln pins. Similarly, ambient
ground tests did not reveal this failul ~ ill~](ic  (i [IC to the IOWCI ctwfl-~cicrlt of friction in air of the
titanium pin-to- socket intcrfacc. Als(}, st Iicij  u!” the sj)al c. anteillla  Irvcalcd that each dcploynlcnt-
stowagc cycle during ground test cii~lst:  tt }()] 1{11]  wIcaT in the l~a”llscrc.v’/t~alln~lt  drive asscmbl  y
to cause a loss in the drive actuator {{II(}l; ;Iv~ liblc to OVCICO]NC  t]Iu rib restraint. ]Icmce, more

deployment  tcs[s in air would onlv IE;lIC v (U II out the (Irivc sys[uln,

The failure analysis for the (3alil((~  llijIII I: i,+i~l Atm:l~Ila  dcplovl~lctlt  l}~(i)lc.Jl~  focuses on possible
flaws in the design, handling, an(i tCSIIIIjI, I )1’ a colnplcx  ‘Inc.clmllism  which is rcquireli  to
manipulate a fair] y massive hat d~~w 1’ i [(] I 1. “1”11~  laun(:ll delay and a(iditional  rollnd-trip transport
cause(i  by the (Mall cngcr disastrl ]llav Ilajc ( [llltril)tlt(-41  to tlm pIC)l)lcIn. Still, Galileo history
illustrates the difficulty of repIoducill{’ tl~(’ ~$]h: ~’clafl clivilonlncnt  ill the g,mund test of lar~c and
colnplex  mechanisms.

Il<lJ1/<fiJ  01 ksign  1 )cfects

Gyros alc critical spacecraft assci]l[~lits 1 llcI.~lj  l~~latin~:  a ICVC1 of ]nccl]anica]  complexity similar
to the mechanisms discussed almvc. hl(!sl s]j. icc..}aft  early  (M~c 01 n~orc lRIJs,  each of which
includes the rate measuring cle.ctJf,)nic~  ]JI  I IS 1}11 t{’ m JIIOIC g,j’ros, 1 2(1 I p,yTo provides an attitude
rcfcrcnce  for the spacecraft X-axis (y;i v)) ~’;{$,is (1011),  01 7,-axis (]~itch),  IInlcss it is a two-axis
gyro. Unlike those mcchanisn~s  wl~icll ;i[ ~ I t~,luir(xl  t~~ funciion only once., like antenna/boon~
deployment drives and instrun~cnt cx)ict  ] {.l(,iis,, s, 11<11s Ilavc ion?,  duly cycles. “1’hc  J}’], solution
to re.tiablc navif,ation  on long int(lj)l:itl([jit  f tilyti[:es  is Jc{lun(la]~cy  Jia nlultip]c  lRUS or gyros.

I’]r]{ 41()()8. After a successful lo~;’ I i{t( ll(\T,II  ion slcl~’  of \)Oya{’,iII  ], the. scan fi nc pot began
to indicate a position change of I 1 )If (v(’) \ 1.’ lninutcs,  Iltltil  a total indicated posit ion clrift of
6 DN had accumulated. in ve.rifyill~’, tlii, :110 ll,~ly,  anal ysts found evidence. of similar position
crec.ps during prior elevation slews. ‘1 I! III(~s!  ~mdmt]lc  cause  of tlm CICC]) was d e t e r m i n e d  t o
be cable windup torque pulling the sc,Il~ IIliitto II) thlouj’,h the backlash. “1’Jlis IRU anomaly was
a scan p]atforn]  actuator problc.m,  aII(l 1101 ;iII 11: (J dcf[.c[. It occlll i(xl 2.9 years into the mission.



The.pmblcm  was resolved byasc)flwralt.  U~)IkrIIOUnd. An AA(X sof[walc.patch  wasaddcdto

store thcdevaticm firw pot positif~ll aIId  ]K:Iifxiically clmblc the clcvatimi  scan actuator drivers.
If any crtzp is registered followiiij’,  ~ s(:III, III( firiJ’c.Is rcpmiiion ttlr. scan platformback  tothe
store41 fine pot Jmsition.

1’10< 41036. The Voyager I “A” ~IytI)  ~I,v~ f(llind to strew aTi at~llorllwl  drift rate in the pitch
axis 2.3 years into the mission. ‘)’)K {ytt~ :,yJnptomi  were cmlsistcnl  with low gain in the
capture loop. in a (lis~~lacel~ler]t-t~’j)c  ~T,J’r(~, t il i ~ (’lcc[  Tot  lic 100]) is (I I11)loye41 to convert the offset

anglcof thegyIo rotor to a sigtl;il (’a])l(luxi  t)’, ~orquw coils su)loulidin~ the rotor.

A sing,le part failure mechanism WIII(II ili(i(i(((l bellavi(~r sinlilaI to t}Ic Voyager anomaly was

discovercxi in tests of the capture. rlcrtlL~tllci, Iltlco]fcr(td,  tllisl)r~}l)lci llcc}~lld caLlscoscillatioIls

in the at[itude c o n t r o l  s y s t e m . J]’] (I(:i(ic:  to avoid usc of (iyIo  “A, ” although periodic
conditioning, tests to check its pctfolltl:tliix V,(ILIICI  Imrtl]it  ifs US(- a~ a rcliab]e backuJ) gyro.

I’IW S2223. IJuring Magcllan  ct~lisl, tllc  l~l[~[t)r  cullt’nt  for f,yr(~ 11-;? was seen tojumpfronl
115  mato 1301na,  witl}all  acc(Jlll]}:{tly  i[]j:,l l,lllllti  l]tcl]-l])cral(  ltci`f[)ll-)44[  '(1. to46(’~.  l~xcessive
gyro drift subsequcnt]y  prevente~i  1)S14 t)~)n} Iockin[l, onto the Ili[’,h (iain Antenna x-band for
tape. recorder playback. “l-his was foll~n’{(tl l~y fur[tlev variations if] curlcnt,  temperature, and
drift ~>crforl~~al~cc  w}lichltil  al~alyst~  to::! [lil)(l(.  thc])]ol)lct]]toa  ctlattcrinp, bearingretainerin

the gyro  synchronous  motor .

S p a c e c r a f t  attitudccontro]  wastllcl~ lIaI”I,((’IIt+i  tothealtelmlte :it[i[ll(]c Jcferellce  LIIlit (A~~]),

which has been performing nonlill:ill}’, (;~If) jl~.l~’as cvct~ttlally  l)(~u~crc(l  off(llletc)cxtrclllely
h i g h  currcnt lcvels( >3601~~a),  all{l  ~Ii(jyIL)ILiI(loI  virwsittisa  l~ilcd gym.  l]iagnosisofthc
problcm centered  on an incrcasc.  in tllc ~,)~1(1 Ill[)tol  t[ll(lllc  C:ILISC.(l  by colitamination  or lack o f
bearing lubrication.

I’IU< S2234. hla~cllan tclemctly  ])l(~vi(ii  d aII illtu jnit[cnt  indica[ioll  that two channcts on gyro
}12 were prodlic.ing gym counts at f~ll I S( ,ill:. Aftcu  ~,y] u poww wa~ I csc.t, the B2 outputs were
observed to bc nominal and consistcll[ ~4 IItli I t[i[linp,s f]om (dhr.1  ~:ylos. Attempts to reproduce
this failure mode were unsuccwssf(]l, iill(i (tic cause is unknoi~’n, ‘1 ‘Iw otil y corrective action
implemented was to reassign the 11? ctl;tl]li~ls  (() back[I])  uw:.

An(mly  C{114SC;  Unkmwt)

~onlparisoll of the  JP1_ IRIJ aIwjll;jly L’~,J):’lj(l)X  \\~jt]j  that of O1]ICJ a.gcncies  i n  t h e  p o s t -  ]975

launch time frame shows that {hc 11’1  II IL.lI;III~;Il  wc;iltmt fi~i)L)) c IIIOdC  is I lot unique. As noted
earlier, the J]’]. l’ayload }~light  AnoIII;+ly 1 l:it;ibasc (l’l Al)) also contains anomaly data from the

)5



Spacxxraf[  C)rbital Anomaly Rqx)ri (S041<)$  ‘I’t ROS/NOAA  ())  bit;il Anomaly Report (’l’OAR),
and GOliS Anomaly Report ((iAl<) di{l;{lt,fis(s lll,~intainlxi  by (iSl~(; , atl(i f~om the U.S. Air l:orce
Orbital Data Acquisition Pro:,] aln {()] )AII,} dnttil)aw. ‘llw Ii lnitc4i  set of nomenclatures
commonly  uscxi to identify lRIJs ]x.~  [Ilib.  xl [))~ USC.  of key work  smrchcs 10 establish the scope

of  nOJI-J])l,  in- f l ight  gyro  prob]c.ji)s.

Tab]c 2 summarizes reported GS1 ‘(: all[l  I. ISA I‘ g,yIo almll]alie.s  alxxird  platforms ]aunchrxi since
1975. Six out of 125 military s]xwuc~  ~1 \ it) ti,c 01 )A1’ databzs(.-  (5 ]mme.nt)  experienced lRIJ
failures. I;or the 38 NASA s]Nwc~I  Jilt ill t I It- GS1 (‘ d~tabaws, Imwcvcr,  16 spacecraft  (42
percent) expericnctii  failures. ‘J’tlcsc  ill(-miui Illultij)lc lRIJs wi[h fin avcrap,c  of  two fa i lures  per

spacecraft. All anomalies stuciic~l  a t( zi~l WI ei~ 1 failu]cs of an 11<11  OJ Syro with the exception of
the four IRIJ anomalies aboard the ll][t II,itioliii tJitrtii’iold  1 :x])lora (J(JJi) spacecraft, which
were characterized as thermistm f“aiiul  ~,., titid the tilmlnalous  inel Iial tneasurenwnt unit (I MU)
logic  switching, on NOAA 11. ] l;ti<({i ()~1 [he sll)all  JJJI, satnj)]c,  t h e  avcrag,e  IRLJ f a i l u r e

occurrwi about 16 months into tiic IIli ~si( 1] I ii} I IP1., a.s e.oJn]MTcd  to 29 months for GSFC. The
t h r e w  lRIJ faiiures occurreli  alr]oflf’, si> ,11 ’1  spaco;l:tft wllicl)  clockeli a total of 692 IRIJ
operating months.

111. CONCLLJSIONS

The anomalies (icscribcxi  in Sect i(m J I lx ~iilt to I he. foll{)win~  hatt.ltvarc. reliability [icsign issues

Charactcl  istic of structural and mc.cllal  Iic,ll aw,’ Inb] ie:s:

1.

2.

3. .

——-

Structure.s  and nle.cJlanisnls iil c ~1~~1 11 y 1 ,{IJk rc<iulltiarlt, Sof[vwl  c, patches are useful in
rcmexiying  comman[i errols  t)ut  (i{) IIIIt ~01  Jcct  I) fisi(: Ilwcllal)ical nlalfunctions or  s t ructura l
incompatibilities. opCratiO1lal  N (J1 kii:olttl(i  sclJutiolls usually  l“L’SLl]t in sonic ]0ss of function,

e.xccJXing  minor anomalies.

S t r u c t u r e s  an(i m e c h a n i s m s  ale IIK)J~ lik[l~’ to le~ult in c.iiliisllo]dlic  failure, an(i  do n o t

e x h i b i t  t h e  g r a c e f u l  dcgra(iatiol) tIlt( I I cll;llictclislic  of’ e.lectl~~llic  a s s e m b l i e s . Wear out
occurs after wstaine~i lJse-- nlecJlallit.’fi  1 lI,~r 1~ (io l)ot follow thr (’xix)llclltial  failure (distribution
common to c]ectronics. VcJy st[il]f,c[]l  [ie.sif,i] staJJciaT(is  aTc rel)uirui  f o r  s p a c e c r a f t
mechanisms intended for one-ti I)]( [],w, ‘{u(’11 aS (iCll]OYJll  CJlt (irJ~rU tJ;ti JIS an(J latch aSSClllbliCS

for which it may not bc fcxi<il)l(  I( ~ rt I(II: the hal(iwale to it~ orig,inal state for in-flight
repetition of a failed initiatio]i  sLx!LI[.b,.(.

Whi]c  clectl onic assemblies JI12Ji(L (I.. ( ~f slan(ihl  di md packaf’,il]r, J)roccsses an(i interface
cJ~aracteristics,  the properties all(i  i Ilt[ ] i I(.I i }1 is of st I udural  and ]nc.cJ]anical  parts are not as
emil y (icfine4i. For a one-of-a .killd ] li~’111  ljwclla~li(nl,  the (iatiil~asc  fol inheritance review
Cannot nlatcJl the historical JXK’OJ d L) I I I II ci( ,.ltolli(  (wnlponellt \411icJ] i]as loggr4i miilions  o f

J
Aj2rilurc, as distinguished frmn aII aIItIIIIi  i1 , IS {1 il[ltxl II(rl m 211 illcid~lll  i[, which a unit does not perforln

all ils functions to specification.

I ($
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(01/78)

I. ANIXAT  2
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LAN1JSA3’  3
(03/78). .. —.-_—

NIMBLIS  7
(10/78)——.  —

NOAA 8
(03/83)— . .  -.-—.

N(IAA 9
(12/84)—..————

NOAA 10
(09/86)

J

-.-—

!lat?
—.. -—

. ..-—

11 /89

01/91

09/9 1

—... —

02/86

07/88

11/89

07/90- .——

12/90

—..——
.-. .

03/82

07/82

08/85

04t79

— .—

0s/79

07/87

06/84

.—.. ——

04/86

. ..— —
03/87

- .-—

: . , : : , :., -.: —qe -=
h4 i ssion~~lpa~t-.

.——. .—-— —-

(i~J()  (-)~X’/)  r,:rll(we41 from activt:
con(rol 1(x)1,. A(’S  reconfigured.

Norrlltil  \\’car(nlt.  No cffed  on attitude
cot(tl(ll; {Mlly on flrw aspect solution c)f
s::i(,r)[t, d:ttti.

lkxrl ill~ \\~al(mt,  Switched to backup
(;y~cI-CX,  No inll,act on  attitude
c{nllr(ll. ————-

[iyrt) siyl,al IIoisc irlcreasd  over 3-12
IImnths  ur)ti] py]o stopped. No impact
(M1 altitudt, cotltlo]- experimenters to use
Mo] kar(,llrd prxwcdure.  Gyro design
Iifc<])iin  \\’iiS  2 yrs. Re<O1llr)letl(iations
illciud~. fly rlmre yyros, or use more
t’xpir)si~’c air-lwarinp gyros.. . . ————
Starldl,y  (;yro  No. ? activated to rcp]ace
No. (). —— —,

1 dilcd Ilicl Il)istor (charrgyx resistance).
‘1’11(  ttllll) (,1 tlw unit was probably
urlc}iatlt,ixl,

(’sums of pylt) failures arc unknown.
‘1 w() py] (,s rc.lmiin. Changed OI)S  to 2-
gyro flrl: sur] scr)sor  mode.
l<t’c{)lllrt,t’rlti[{  tiorls  ir]cludt’ furlher
rtdur]dtilici SUCII as a second package of
p~ros.

.

(.iylo lu(Nluces  erlo]]em]s  data. Switchd
to (;yr~) I<hfl’- 1.. _- .  — .—— ——. —

~ ISC (;yrt~  Rhf )’- 1 ii< prime with Rh4P-2
s< a t~zc].tjl~ if r)e24Jr41.

. .

}’I olJluIn fil,lwars  rclattxl to powering of
sc~rl  It]txtiariisln irt SMMR instrument.. -. .  .—. —.—

RX() r,rt)t,lci[)s  wtrc to be resolid thru
~~() ;It’f,iyi)  Ch~r)Ft’S.
..-. -.. -.. -_— —

N(1 rc,[lrl,rl(~  of dropout anomaly since
5/:i/8t),.

AT]oJi Mly CIt)scr VWI  f~om I)ay 063. No
altit~ldt ],~’rlllrlmtitms wtvt associated
wit]! Ill{..  c\’~llt, _——. .—— ——.

I ‘1
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(05/80)
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——— ____

I’I)RS
(04/83)—- . . . ..— . ..—. —

‘1’1 ROS N
(10/78)

USAF’-

———. -- —-—
Progran] A

—— ._— _ ..__
Program H

—-.  .— ..— —,—

07/90

06/90

09/90

10/92

-—

05/80

07/82

..-—

08/80

12/80..-—

07/83

11 /79

02/80

10/80

12/80

(Km  1

——

03/85

03/85

03/81

—. . . .. —.- .-
.AII(IIIMIV  1 h ,(I I,liqn

— .

Rol l  axi~ gyI(I  yl]r( II II)IIU failc41 duc
to Shell in 111:11(11  1.11,  111:

—---- —. —

-M ission hIyIHS~
.— .-. — .——  ——— —

CIIII’L’111  I)llrllwl  0111 t w o  f l e x  leads.
Cl,])\id(lc41 a IdIId(Jnl  failure.

liif~t’  y?.\V il]~,li![l  (),.1111 \.Ll.’—— . . -

Erratic sktw  YJI,  (It{(li JIIG311  rdt[
output .—- .

Partial yfivl’ aII(l ‘1 I h! SI.11141 I(JSS5S,— . .  . ----- .-

Yaw upd.  itc (J1 -[!. “/ ‘~”, I r]ol

broug,h[ SUF)  J{itl,i,, t ( J\’ II( INA

Pilch mid Ion ~[1111(11 tr~ ,,itm[~

Obsm’d  ,

Ymv h)fl~  f“lltw  rcsc.t successful.

N(I fl]l[l,t:l  ir]for[[wtion.

])t’.~lii(]l’<l I)t>l  fo] IIIance due to l~lJ bias
inslfit,  ility.

..- —

S/(’ \VCI ,t out of control because channel
swilulj  i.ol[lr)la]ids vwre not issued.

1 )Cplfid(d  tit[itudt  control dedronics.. . . . . . . . . . .._— —

(iy Io dt’<’lalt’d Unll<ab]r.,

— . . ———

No cxplal,a[ion  found. Attitude control
10s( 111,1(1 01/’25/s0.

No exl)ltir,iili,)n  ftnlld.  Phenomenon
Ikl}:a]l  alltr 01 /25/80 restoration.

S/(’ rtnl~iirlc41 olwratic)nal o n  y a w ,  r o l l ,

and sktw,  ~:yrtw W,illt degraded response,

lMU haui II], A(’ ] s l~]lt .1 (re.p(~lt~

I

(’Mll\t’  LlllLl)(m’n. (’auses  a qucstionab]e
that ptil)wry  f:i]lt.1  [)$/ S(),, lhfll staILI~ w(~](l.—. .  . . . . . . ..— . . . .. ————  ——

——. . . . ..-.

. . . .

.

-.. . ..— .——-——  ———-

Failur,:  uwd rtdundant  gym. Gyros on
])(xI iliyljt rctici\’txl extra I&rI’  at the
lti[lrlctl sil(, and soInc wm: replaced.

(;loutd  <(, ritrot f’OIL’t’L] to employ manual
contl(ll of ttlruster f’lrings to orient s/c.. ..-.

l’reclu(!td  trltr)r  to liarlh acquisition
IIlidr. NI(IIIL’ Wa< attained by ground
CO II II1”l?I)(I<, A Eroutd test procedure to
Ilc a[ld<’d. . .
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~JW’lfafl

Program {~

Program 1)

————  .-. _—— — — . — .

— .—
paJ—..——

12/76

01/77

03/77

—.. —

I 1 /79

08/80

1 2/80

—.—

— . . . -— -.
&,llolll;ils ] )L.!:ll[;l[)l)

— - . . . ” .

Skew RI(; dlif[iti~, r,[d 1 .tfihl(:.

Y a w  RI(;  dtiliit,~,,  II(,I 1,..h]ti,

Ibll ~l(i lII{)vIt~Is I. 11)11(  ,IIIS  roll

rate..

— —  .  . -—..  .—

Errat ic  Ixha)i[)f ()! [}, y,Iw R](;
caused rat(t) S: II:.*  I quti[l,fil~t 10Ss

Pr imary lhll J ]KIU.  I iIIj I,l! failtxl.

Failure 0! ])i[[.t)  R]{ ;: L;{(I .},

unknow I1.

—- . . . .—- . . . . ..—..—

—— —.

‘1’ht’ III(Y.(  I,rol,ablc  cause is
rxml~llli(laliofl  in fluid gimbal float area
duc to lMI (iclc.s  fl~)i~l crackul  bender
disc. [Itt,cr Imssibilities include a bent
flux lta(l,  [M Imbt,lcs  in the g i m b a l  f l o a t

fluid. ‘l”t}<. s/c corltinued operations with
(1) I)i[rll ~yro and (’2) earth sensor
sup]~licil 1o11 input.. . . . . .-. .—. . .——

Hircklll) sl.(.\\ {:yro commanckl to replace
ytiv. y,yrtl (l R(J).

(’auw ut)kll{ww. Switched  to backup.

Sw~ilctlc’<1  It) yaw pyro compass mode:
could I[I;411 1 dc.~rtx  error in attitude
]>crforll),411Lt.
- . .  .—. . -. . . . . ——. . .  — . , :  -: ::,: .——.  ..——

IhllJ = IncriIal hfcasulel)wn[  Unit Rxo : ki(l.ll,,lf(ll(”  ,s .!1 () ,’ralo, 1 L )V = fic)d {If, i<. w “1 lhi = klcmc[ry

‘IRU anmnalies causwl by software. OJ (1) ’L’ (It II< 1. it ~. not il,~l(l(lcd. SoJllc (~i ttlc: identified “gym” anorndies,
such as dcft~xtlvc~. c.ltxtronlcs,  may bL’ llforL a. ( {I r,: ,.1 l\ ll~scril)~il  a s  ]]{(1 til)oll),{li~s.

““lJSAIi spacecraft are labeled as Pro~r;ir],\ I? t!, (I ,,rt~  [ ) t,o..ausi  tb(; Air 1 “()~(t. tlirs rt,.stricted  their identif ication

by nanw.

opcmtinp,  hours. I,ifetcsti]if ofcli.{lr~lrlil co]ll]mllcnts  lyj)ically extends for thousands of
hours, whi]c. it is~lsllally  irlfc:isil)l[.t(l  ~lll(l,,vtakr  rcj)ctitivc tc,~ling,of mechanisms.

4. It isvcrydifficu]t tocicfinca ~:]olll](i  tt.il I)togritln  which can (llll~licatctlleexact  operating
conditions that a structure 0] ]r’lc(”lltil]i.111  V, I 11 C.x])cricncc ill fli~’,llt. l~Jivironnwntalv aviations

from the test environment which t}:(r.]1  if] fli[’,llt (such as vibration [ind vacuum  and
wcightlessnc,ss,  but occmrin~, oIIIYi/(Ir)  sl~l):’k[~[:(t~llfill~,  f/ficr an cxtcl)(le41  pcrjod of ground. .
storap,c) may have a signif]callt  [Ilissil)li  ill ]Iact.

@lcldsioI]r ~_. StIuct urcs/Mccl~~rl  i st 1)s—..—_ .

In  ]Oofthc  13111Wllallislll  actl]atiL)]l  arl(}li ;tli~., J)'lc]l col]ilt(,Ic.(lal) r(~lJlc]llwit lltllclll ovclllellt
of a fairly massive spacecraft strm”t~l~~’, ‘1’tl( lncchaltical  o]wration of solar panels, b o o m s ,
antennas, and instrument covcJs  tcl]{l  t{) 1)~’ IIlissioll  c[itical, wit]] no backup capability. In
adc]ition, 6 of these 10 involved tllr I(lcii’.l$  01” I)tdcntial  cncri:y s!otud ill these mechanisms. ]ior
example, the NIMS cover release. s~st(l tl w’;{~ ]m~trrc(i  by a ])~ cloadrxi sj)ring. Similar] y, at
manufac[urc, each (ialilco High (.iaill  ,A,l, [(.~lti  ~ (11(.iA) spoke assclnl)ly  was prc]oadcd  with 85
]bS. Of fOJ”CC CXC11e41 against i ts’  l]li(i-]x~ill[  lL’S’liijllt. SLICI1 ‘COIN- snot’”  dq)loymctlt  mechanisms
arc required to operate only once (IUI ill~ ;+ l)li,~ion, l)~lt  wjth higtl rcliabi]ity.

Onc-shot mechanisms must be rol)lls[ ;itic t’,; ul[ t( )Icrtillt  whcle.  tlq’ it Ivolvc long- tcrnl storage of
potential energy. ]’rc]oading,, fo]](lit’~xi t)?’ (1 lcndcd Ilcriods III)(]L’J  aln~ospherjc  a n d  vacuum
conditions priol to actuation, MI It’sIIll  III  I:

I ()



1.

2.

3. .

4.

Loss of lubricant and possit}lc CLJI lt~,i(}ll.

Mechanically induced dalrlti~’,c  f[oln  h; III(lliI~p,  OI s) Iock, J’illr;+ti(m,  and tcmpcraturc,

Plas(ic deformation of both tk S]) I i! Ip ;{.I II i the latc}l  01 pivot  ]mint,

Static friction or cold weldin~.

There am. non-space examples Of fli~’,llt  !Ia I dv,aIe. thbt jw.rf(]l In a onc-li  mc deployment function
with proven reliability. Military ciuc[i(}l  i Nitt ~ alc l)ip,}]ly  lt:liat)l~  and utiliz,e  rockets to ensure
separation from the aircraft. -1 ~])losi Lcj t T 1; I]sd 10 rffCZt sCJ)ar~ti(}n  of nlissi]e  s t a g e s .
~ompareli  to ttwsc energy storti[’,c  (1~’\’i{ c.), z sprillr IIas fttvo]  al)lc sl)ock, contamination, and
safct y charactcri  sties. Howcvc]  , t )IL: 1( mI~I,  III m storage  of ~mtcntial  e.nc.rgy i n  c o m p r e s s e d
mat trials may cause cold flow, v,’lxi 1 , wI(1 d, tl;rioltiti{)n dulitl~ s(ora~,  r, shipping, and flight.
Springs create Tcsiduat  stress in tllc Illcthaliis)  !)s used t{) rcstlaill tlIc SIOIC(I  cner~y; explosively
actuated devices do not. Also, sj]]it)p,j I cl] I IIIC t hc desi~,tl  of c o m p l e x  r e l e a s e  a n d  c o n t r o l

mechanisms-- latches, lanyards, atltl  r a[~.’ 1 i 1 I 1 ilcrs. 1 :i.tclll  failurt~  modes may bc manifested
under a combination of el~vir(JJ-lillcllt;ll  u(ll)iiitio~ls ]Iut ~(mxcc[l d(llinp, ~’,round simulation.

Inhcritancc revic,ws must consid~’1  all u; ~ j i I (N l]]lcntal i’ariances. As an example, the, Galileo
HGA design lacked inheritance. f’)oll)  (OIH~),iIa!IIL:  pr i(H  missi(~ns, ‘1’lw dcsi~,n was based on the

Tracking l)ata  Rc]ay  Satellite (~’])lt,fj al!l~  1111,: whic}l l~)as (Icsi{?,llcd  for earth-orbital missions.
A pair of motors was required to {~i’~t ~.(ill)( the IIlitl poin[ ltst]aints  of 18 antenna spokes
preloadcd to balanced tension, for~’r I IN ,s] )~}his to J ot:l(c almut t Ilcir l)ivots,  and to stretch the
wire mesh reflector. It is be.licve[i  il~at t}ji, I ](;,~l  succlllllbcd  to dcf’orl]~atio~~  of the contact points
on the V-groove pins.2

0X!C11L5LO!IS - Il<l]s—-—

Despite their lifespan limitations, tlt~ s]litjllir,j) h(?:ilill~, Syr(ls clltp]oycd t)y J]’], to date are
prccisc an[i have a long flight history. (i)l~,~s IIILIS~ acllit:vt a lonjI, smvicc life despite their usc
of typically high failure rate CICKIIU Illc<. )};IT}II.  ;71 p~li S, Altlwuf’,11  Scrtion 11 describes some
problems with individual units-- tWIO \~f~y;{jl(l  i ;i]~d two h4a~,Cllan lIadwIarc  fiailures-- the backup
IRUS were sufficient to suppor[  sl]acr~l;if;  Il;iiil},:ition  ill the .I1’I, ])]c}~,t-an)s  stu(iieii. The GSF~
IRU fi~ilures studied  support a corlc]~isio]” I I}at t k lilnitcd lifcslmli  of ]nechanical  gyros c o u l d
present a mission hazard-- of the 11<(1 f; ii(lt(. mong,  the. 38  NASA spacecraft in the GSIW
(iatabascs,  18 failures occurred witl~i!l  IWIi 1 ~’(..;t~s  of lau]ich,

C13mmcrcial  gylo technology of icls (JI )) NJl I lltl, i lies f[.)~ fur lhu ill lpl(~ve.incnts in mechanical
reliability. l~or example, a he.nii<]dlci  )~; ~ 1 L’si ~f)nnc.c ~,yro (Ill<(i),  is ])lanncd for USC aboard
~assini.  State-of-the-arl

—.—_ .— _ .. —_____ ___

2Johnscm,  Michael R.:
Laboratory report, (tmdattd).



int crplanctary  spacecraft applicat  iOIIs. “J h( ]JJL’scvwc  of a ]jlafjl]a if) J-iIIE lasers erodes electrodes
ancl optics, and fiber optic lascis ]im} 1 )C sus;cptilile.  to cut  nula[ivc  damage from high power-
consuming clclnents. Hemisphc.1  ic ]~’s{)~ IaIIci’  dI ivcls nave.  not rxhibitcd  these problems, but the
failure rate of their electronic ({}]ll])[)tltlll~  l,tnairls  wor[l)y  [}f ]-c.lial)ili[y  enginewing  review.
Prcscntl y used for commercial and ]) II Ii [at y ] l:+vi~alio]  I 0] 1 rcla(ivc.ly shorl  missions, the major
concern with usc of the new gylo [c~’tt]~~  )11}[~, ii, s aboard intcr})lanut~l  y s]xicecraft is their lack of
heritage.

IV. R]iCX)h4MEN11ATIONS

The findings of this study su]~]m] 1 tlit ]Ic(,; fol afiditional  ])~(xluct  assurance and related
environmental engineering nwas III (.s i II i I I( d( ,i~n of kc.y StrLIC.[Lll  al and incchanical  assemblies.
Tab]c 3 s u m m a r i z e s  rccon~n~ct]dat  i~]tt~ {0] acllicvil)g  1 c1 iablc stl uctural and mechanical
s u b s y s t e m s  o n  future spaexrajt aII(l l’li~’,llt  i)lstr~lmtnts  w h i t ) ]  f o l l o w  f r o m  stucly of JP1.
anomalitx.

S1 rudural  lntcrfcrence. ‘1’hc.sr. a[loill~li(s  (}:.cLIrJcd Inost]y (~li older spacecraft which were
designed without the benefit of s{~l)}jisii~;ltetl  ])t(~dclil]j< ]Imthods. I;(u SII uc[ural  i n c o m p a t i b i l i t i e s

such as shadowing of solar pane.]s (M [I)} I, ISICI l)lumc ill-l])il)~:(’ll)cllt,  tt~lcc-(lilI)cnsiorlal m o d e l i n g

by computer provides a powe.rfu  I 1 l\’i[’v, 1(.K)l whit.]) uas not avai lat)lc (iu I ing the cievelopmcnt
of Voyager. Mo(icrn simulation tcc.i~lli(!~},s  al II, w rotation  of J’i] [u;,I1 simcecraft  structures through
every at[itu(ie  anticipated by nlissioll s,jtui  iflc.ati[~lls. Any val itition  from the physical
configuration baseline should bc ctilll u]] y 11)(),1(.led f~)] till spaccclaf[, inclmiitlg  the smaller and
more stan(iar(iimli spacecraft p]o]mstxi i fi III( IM~.w NASA illi[ia[iJ’c. 1 ‘ro(iuct Assurance shoulci
ascertain that c]iangcs to mission OIX1 d I i( !] 1, l)] ,iIIs aTc I ~wic.wcxi  ald ]no(ic]cii  for their impact on
structuml  compatibility.

TIN l’rojcct  IJcsign ~cnter  an(i tlic I ]ij,}jt \ySIIIII ‘J’cstlmi  aTL’  IICWJ .I1’I, f~cilitics  established to
facilitate system-level evaluations of 1)01 II JII,V,  dtl(i Ilus:il)le  ilip,ilt  t]al (iwarc. The l’rojcct  Design
Ccnte.r will establish a capability fol i! lt~~,t iit(+  I nmklillg of M)IIi])lex  systems. It will combine
multiple [disciplines such as stl tICl III us Itlcl IIIal d(!siy,n, all(i (q~tics  i n  a  Ilnifieli mo(icling
environment permitting rapid (i(’si~.11 it~t,{ti~~l]s. All}lou~,h  itltl.ll(icxi  primarily for trade-off
anal ysis in costing, project alter n;it ivcs, (1K (’~ ~ller will offer c(~lll]mter  an(i technical resources
which could be applied to concu]  ~c.t It, 11111111 i (i \[”i})lill;i;j’, cllgimxu in: ;umlysis of environmental
effe..ts on structures ami medial Ii SI]JS,

The ldigi~t  S ystcm ‘1’cstbcxi  pe.rnlits .1J’1 If) t,t ~,t[{>  a vi r[ual s]xacm af[ by c.onnccting  components
a t  {ii ffcrcnt sta~,cs  of  cicvclopnKwt,  :is v 1’11 a,.. cn~,illerl in(: III()(Ic1s. ‘1’k testtmi can simulate
other subsystems which intcrfmc. with IIIL it~’111 i)n(irl  t{’st, such as con~]nan(i  an(i data han(iling.
This allows rapi(i development of hill (ii}, I, l); ~)totyixx  whicl] aI c fli~,tit  functional but have not
un(icrgonc  flight qualification. in this sillwll;il(,!  cnvilolllnel~t,  ])r~f”li~,ilt-(]llalifiezi  new technology
can be “in fuse(i”  with inherited tqui])ltl~  l~t v’i~ II ~,] catc] co]tf)dtxlrc  and rc.(iuccxl  cost and risk.
Structural incompatibilities whicil  CIII(I{I,i 11{)1-I consecutive desi~ll i[crations  can be identified

.’ i
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Table 3

PrCd2Ct ASS2r&YCe?FOg-2m  ‘. i,, .imphcatior?s of HZ Spacecraft In-FIight Ano~aIies

1

I Character- I
1

h! ~7at;nn O?xervations,Zessoms  Learned~! Product Assurance Program hnplieation~
1!

II
ii

S t r u c t u r a l ● Viking Orbiter hardware design resulted in IRTM misalignment. ● Review results of three-dimensional computer simulation
Interference and structural anaIysis.

, Amxmdies  -
[ -

Inadequate structural analysis resuited in V-oyager I and H “!
thruster plume impingement. causing propeHant losses. c Utilize JPL”s integrated modeling environment for

I,, SJccessi Ye desi=m  i tera.ticms  w w.m~lex systems.
:[ ‘* ‘.nac?ec’~a!e  structuw’  moc!e~ing  n=sv’ ted i- IJmP.n!~c+xte~  \f~~e772.-

1/

4’>-.4. s~?cfcv;:-g C?g 2? So:z  >22?! . caxinc a minor  now-er  ~,ov. :* y{p<le; ?+ ~,.21.,  *+e ?,, .5.2& 2f:Q*5 4-m_ :~.f _*,v<;c,9. ,,

.,. -C, -..,.2.;,,”  .a,, \,,. ;-#., ,= . .
. = -,.-.:,-,  .,. : 1,.  ,2.T>, ~;2 ~ ,,, ..,, _., ..p. ~ <.,, ;.;,.,.  ,: :, -,. , . . 2.:,,...< ,:?,-l~eci,_= . . ,  .,.. . . . . . . .

~.”. ?– },..:  !!~$...  .. ”/’. . . . . . . ..- :X:e<<!..,:  :(::< :!.:(:- ~<:nn~<,<,

.,
,!
!,

,,
,, ‘-’nccmpensa.$ed  star scarmer misa~igo.ment  caL!sed  GaIi!eo t u r n  c

1° errors, threatening damage to instruments and SAS bearings.

II I ,

1:

I
~ , JRLT ye apparent  pattern nor trend is evident for the 2 Vcva~er  and 2 I * Perfo~. faj!ll~e rn.ec~~.jsms  ~qa~yses  on ~~Gs ~~ other

I Anomalies ‘o .MagelIan IRU anomalies. Adequate backup was ava~a;]e  in a]l new gyros  to identify principal faiIure mechanisms to be
cases. Use of alternatives to spinning bearing gyros is likely for considered in F.MECAS  and fault trees.
Cassini and subsequent programs.



and solvc4i prim to expensive fti~I,l  Il (Iual IfII’at ILm. l’al [icip;~tioti  I}y l’mluct Assurance in this
integ,ratcd  design process should  ill(lll~i(:

1. Developing an understanding of tllc III()[Ic1111~ pIoc(’ss  aIKi cal)ahilitics,  and

2. Reviewing the results of sinlu]ati(vt~

Gyro ]kfcc.ts. A p p l i c a t i o n  of s(a[(.’ of [l){ :trt gyJ(} techn(do~,y to J]’]. miss ions  offers
opportunities for improved hardwalr  lifcq),il), I lowcvc.r, it raises some of the same inheritance
issues  posed by the Galileo H(; A, v,’ittl  [1]( c.xriptiorl  that tt~c trcild for gyJos is in the clircction
of less mechanical complexity. Gifrii  ilItiI  I il)g lasels aIId othu  new e.leztronic  g y r o s  h a v e
known rcliabilit y problems and lack tl)r f 1 ij’11( 1 listory  of spinnin{’,  IWXT ing g,yros,  their application
should undergo careful review. 1 o] C~ZI 11111(. a faillil~  nwdlal)is]ns analysis (IJMA) should be
performed on hcmi spherical rcsonfi  1 Ic( [’, j’ t { }, to idct]tify principal failure. mechanisms to be
considered in };ai]urc hlode,  lif~i.rl~,  slid (‘1 itic.ality  Anal ysc.s  (1 ‘hfl X: AS) and fault trees for
[;assini  and s~lbscquent progrtin  i~,

Mmhanical  Actuation l’ro))lr]~~<. ‘1’lK (i,klileo }Ilf’,h (iairi Anttvlna  deployment  anomaly
illustrates the vulnerability of lal F,C, c(~ll  11)1(}. Ilmc}lanisms  mm] [.NI a (;lass A mission when full
design review and environmental tL’s[illj’  way IInd(’I  lak(m. l’he 11(;A was a JI’I, redesign of an
antenna developed for the milital  y “]’] }1<~,  SYS[ l‘1 n. ]]>] dclctcd  solne.’]”1 )RS antenna features and
addexl  some new ones, but the, (ialil({~  11( iA tkq>)oj’])lent  lnrcllallisnl  rcmainui  very similar to
7’111{S.  Ten “1’IIRS satellites IIavc bu..II  I;I,  II ,chui, ami t iIc.iI alltcli[ias were all successful y
(icpklycci  .

Sc.lection  of an earth orbital al]t(.wl);i d~LSl}I~l, c.vcll  tl]oup,l~  ]JIolcn if] that application, was not
fully consistent  with the (ialiico  Illisfi[ul. ‘i llc. dccjl space missio]] stll)jectexi  the antenna to
e n v i r o n m e n t a l  con(iitions  not (VK()[IIIII ILLi 1})1 TJ>R\ in ]aI ih olbit,  an[i Gaiilw’s VIHWA
mission profile extended the (iurafio])  of !Iio,( cotl(iitions, A(idcd to this was an unanticipatfxi
31/2 year l a u n c h  (ielay ami e),tr,l \I,I(~,III(i Ilan[ilinr,  rcsu]tinf, from the Challenger disaster.
Ambient and vacuum  tests faiicd to I LI .x1 (1. I i na~,c. b{limcd  to }Iavc occurred when the antenna
was first prcloaded followin~  t))~[ll)fi{(  IIi  ItI Ad(iitiollal  testill~,  of the deployment mechanism
woLllci  have worn o~lt  the de.ploylllll~l  (i) itt’ ,} ’stc[]].

(iiven these circumstances, it js JJOt  (“]()?I 11 l;it tta(iitional  ~)loduct  assurtince  meas[!res, such as
aciciitional  ground test, would  Iiav(’ IL’\ IC;JIC*  tiic t’ltlrl~:ral)ilit)/. 1 ~tcnt  (irxign flaws in complex
mechanisms may not be manifcs((xi  LII {i I s(!]l]e wca) al]d teal lIas ttike.n place. The chance of
mechanism fi~i]ure  from such llavs  111.’l’l{{il’~  wilt)  lrlwhal)ical  con)~)lcxity. III the case of the
Galileo HGA groun(i test, the oxi(i(s all(i  c{)ltanlir);ilits  011 ttw I)arc titani~lm  pins helpui  to mask
the effects of (iamage to the cc]arilit. ]Jill [.O;II il]p,. III ;i nwclmnisl~)  like a (ie.ployment [irive which
has a design requirement to olx>.I,itl’ (III1!I L) 11.t, tllcll’.  is littic oi)])oriunity  to o b s e r v e  {iegraded

pmformanee over  t ime.
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new mechanica l  design and alla]ysi ( IOLJ]s IIIay su]qm t de.si{’,1] ctmll[’,c.s to provide grtiter
mechanical redundancy, use of ;{. silll[)l( I I]tc’,’]mnisln, or cli Ininalim of n c m - s h o t  Incchanism.

lJsc of such additional design an;{lysis  tc,.}~l)i  L; III’S is rcxf)r~lll~clldc,:l  fol critical  JMXhNliSJllS which
have not previously been flown OJI t“xtcI(lLd IIiissiolls. )<or il)tm i[cd hardware, design  margin
assmmcnts  should establish that dcsij:l  I Illiil j!illS ale adqufit(’  to accommodate wear anti any
potential flaws. Enhanced peCI jcvi[~i ll[ili~il~~:  a c]lcx’k]ist  of  ]; IIOWJ)  fai]urc mechanisms is also
recommended.

A prob]e.m witl~  development of ]tili:l  l)l;irlcv;+I ! flight h;{ldwarc  is tllal Jnex.hanica]  design analysis
is generally not as thorough as that 1(~1 L l(i,’tr[ulics. NASA has llo mechanical ])arts equivalent
to an Electronic Parts Group, a])d H SfIr I(12rtl  Parts 1 .is( of a]q)J(jvcd n]cChaJlical  parts is not
usually practical. This problcr~i  is c~.JIIIj  I;)uII(led by the lack of Jcj)ctitivc  testing oJl a scale
Comparable to the thousands of }K~l)rs IL:] l’~1~ (lJ)ic  colllpoI”icJlts al c tested. JJ’I. utilizes  non-
e]e.ctronic  fa~llt  tree analysis (}~1’A) 1(J SI(III)I tl,~- slwcific fai]urc JII()(ks that ]cad to a hypothetical
hdWaJ_C  fai~kll  C. For exam])]c.  1’1 A :iss(IIIIL’s  a stLl(k lilotor a!ld ttwn cva]uatcs t h e  v a r i o u s
motor components for failure JIN)(ICS  \~)lh)l  ((~i]l(l causi  such a ja)o, as shown in ];igure 3. This
mctho(iology  may overlook SIW-CI fl( j tiil I i] ~. l]~,!~hanisil)s  irl nwhallical  devices. lJse of fail~lrc
nwc.hanisms analysis (FMA) WOUICI  iIIIl)I ~.I\L j,i~llt IJCCS by lli~,llli~,lltin{:  the. underlying “physics
of fi~ilurc.’)  issue.s that cause the jailul(’  II I(I{ICS III t)Ic  f’;iu]t tree O] 1 ‘MI~A.

‘1’hesc  fai]urc mechanism checklists s) IOU I [1 1)[ lN’riodical]  y updated based on ground test and in-
fiight failures so that the fault trc~’ o~ i ‘M 1,(’A :Illalyst  is COJitil)(ld]l~  rcmil”idcd  to consider them
in the analysis. This would thcit c.n]]jll;i~iyt.  tl~t cffcc[ t}jat a s~wciflc  mission profile might have
oJl the parliculal-  Fdilurc  mechanist]) dlk” tl ) ILMI)’  term st(m~:c, cxt(.l]dcd vacuum conditions, etc.
Figure 3 illustrates how this failulc  1]1(’~ll;{l]is]  11~. checklist It)if’,ht  Iw used.

‘1’tw l~light SysteJn “1’estbcxi will illcot I)or,lt(. ;iI C’V()]VIJIS, body of klmv’led~,c  consolidating new
and inhmite~i  technology. I’his fa[illly ((111  iritcnfdcc  instrLIJncllts, sensors, and subsystems
through flight computers, a groull(i (iaI;i f~hltI:I intcrfidcq and a sl)acecrafl dynamic simulator.
As successive cicsign  iterations al c il)t~{’,~  ,~tt.d 1 ~lto t}lc J’irlual  s])ac(’cJ aft arid testeli for systenl-
]evci functionality and interface C(lJll])&tit)i lily, ~lIc cost i]l~pact  of Jllcchanisln  design margins can
be assessed. Aliowing  problems 10 IN’ i(t.u lli f) Iii al an  cal]y Sta[:l’  of  (icvc]ojlJnf2Jlt,  t h e  testbcci

will facili tate inheritance of ]1~1111]’iil’(’ (itsi;  ]ls frorl] projccl  to pmjcct. l;or the M a r s
Ihlvironme.ntal  Survey  (M13SUR) l’;tl}if  I J  II:l(i, ~Llrrcllt  ])lalls call for tllc tcstb~i to be uscxi to
mo(iel or simulate. spacecraft intc] fiI((’s I}l,:t rl~i~llt  be troublcsorl]c. ‘1’llc ca]mbi]ity of the tcstbcd
to simulate meci~anical interfaces, as w(,1’ a~ {’l rctr(m]c intcj f~c(’.s,  slioul(i  bc exp]ore{i by JP1,.

These  cnginem’inp,  acivanccmcnts  IIINSl tw ~x).J])lc41  with irl l]lJ”(WtXl  two-way  c o m m u n i c a t i o n s
bdW@31 hardware designers an(i ll~is~if  )! ()])<’! tltiol)s-co~r}i~ar]t”  IN*I sol)ne]. l~or exa]np]e,  the
inherited “H>RS &sign  would  likely lI;i\c tn tI\(JI adcqu{tte for the (;alilm Jt]ission  as originally
plan ne{i. Ilowever,  the acicquacy of t I IL (. I:S i II t; Sllolll(i  lIavc b(z]l I (’vi siteLi  after the (iccision  to
delay launch 31A years, and afte,~ ~ljc sulv,I.x~uL:,t (ie,cisi(m  to tak( [t]r V]il ;(;A route to JLq]iter.
When such major changes are. n)a[ic to )) I,IIIS for spacecraft SIOI a~,c, aJKl hamiling  or to the
mission profile, m intensive. pea ] Cvi(u I MI I(’) d)ou]d bc C(MI\’CJIC~l  to Jevicw the iJnpact of the
ehangcs  011 essential subsystems. hl~xlij  IL{ti{lll$  alc flcq~lcr]tly  riot f’ivcn the same levei of
scrutiny as the original design. ‘1’lw ]).lltcl s!l(u I{i c;~ll ul}on ihc cxjmlisr.  o f :

?1



1. Project IWdopment  ‘1’eam. “1 “his I(VIC.M  of e.sserltial  sL]bsystclns  must extend down to the
component level. The colnpo]w]ll  N l{!,illc~ l‘s coi:~limnce  typically ends with the re,ceipt of
a piece part which meets Sp(zificiiti(!i IS WI I Iich WCJ c based m tllc anticipated environment.
The effect of changes to the ]Ilissloll  cllvi) [][lmc.nt I]lay not hr clear to the design  engineer,
who may have accepted the piccc }I,il  [ wit li(~ut fully url(imstaldirlg  the limitations on its

.
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1 ‘i~:ll].e  3
Example of 1{ ’;:III{ ‘J I~r A lt;llysis3  Aug]lw]lle(l  IIy FMA

applic.ation.4  Seemingly minw O]XV :ti~~l]:~l c.han~e.s  have had si~l]ificant  mission impacts.
For examp]c, the decision by Missif)l ( )1)(:[ ;]tiot]s to le~ve tt]e. N] hfS shield heater activated
during cover deployment was il~~])lt’ll]t!lltxi  without consult inp, [}IC hfirdware designers. Such
decisions should  be made Witl] tlic c ,.IIICLII l~:nct. 0( t})~. ~1)~11()])1  i~(e. hardware engineering
personnel,

— - -—-—  -——— —..——.—.
3Johnson, S. A.: Galileo Sm-IIand  AI,(crli,II  1 ai,l[ ‘1 1,.g~fa(~is.,  intcr[lal J(! I1loI)ulsioll  I_.abolatory  document,——. —-_ . —.

June ?.2, 1981, p. 14.

40berhettinger,  D.: lnvesti~atjc~!l (If  ~1’h:I JII ~ I !>trI  II lr+i]urys  ~toard llIIIIIaILrIMI  SILacecraf!, Jet  Propulsion
Laboratory IJocunwnt JPI, D-1]  377, Al,, ii I (AI.!,  l,, 12



2 .  I.ong-Tetwd  JPL Wq)wts. A )I;;jo: .lP], Tlxoutcc ]s personnc]  who may not  have
participated in design  of the sltl)l{i:t 5]1.Ic(’,, I dft, but hnl’e bum involvc4i  in spacecraft p]anning
and design since JPI,’s  earl! y(.iil ~. 11 i$ ]tot LIIIconlnlorI at J]’]. for the Ilclmty Director of
the laboratory  to pcrsonall~’ r(~icvi a (i~ <I}J,I) for a familiar subsyslc.m,  but this resource is
spot t i] y used. For example , .tI)l,  J, ])1(’vr]t]y  iflvcsliftalilip, col(i welding in vacuum as a
possible explanation for the jalllt]~i]l[:  of IIIC (.ialilco  lI(iA ~~in/sockc.t  fittins  (PIW 58331).
‘1’here arc senior JJ’1, engincxls s[ill ~111  Stiift’ who aTe  familial  with h4ariner  62 louver design
measures to cl i minate such ~mi li[ C(J  I II HCIL ;+nd IN even{ cold WC] d i np,. I mprovcd  procexiures
to access this institutional llw}]K)]  ) l)atIk ~lmuld  bc eslablisl)[x] al]d systematically used.

Ideally, J]’]. should seek to “bal]k”  :t)(.w t~$sets. ‘1’o facilila~c  tlansftv  of “]cssons learned”
and to retain the JP1, knmvlwl~,  c tjaw ;i/:,ii nst c]n]jlc)ycc  ret i] c]mmts and turnover, priority
should be given to deve]opm(llt t}l d( ,i~’t~ ,,lw..klists, cr]~,inrcrinp,  best practices manuals, and
possibly an expert system to sulqx~] I S[J(tCt’J] dft desi~,n. ‘1’his would be I)articularly  applicable
to mechanical design; ele~tloni(’  (il( l.li I [it signers t lavc a(xr.ss to a vaT  icty of commercially

avai lab]e anal ysis tools. This r(s(I\II\ r \\rt),Ild pIc.scIvc.  anti aug,mc]]t  J]’] ,’s areas of expertise
within the space exploration COI II II)\II iil \I.

With smaller, short dcvclopnwnt  til~l( l]lmsioll~, it ]s ]wssiblc that the IIardwarc dcsig,ncr  and the
mission control operator may bc t tit. w II IL 1)(sI  son. ‘1’llis aTrdIl~’,cl)lcnt  would aid in identifying
the impacts of mission changes.

Institutional barriers to the im]mwcd co] 1 Ill lL][, Icatiolls Iwccssal  y to iso]atc potential mechanical
design problems may exist withirl ttl(’ J] 1] (}rl~,;~lliyatio]}al  stI llctu]c.  Ilaldwarc  reliabili ty and
environmental design review is ttm ])](~vil(t. 01 1P]. Rcliabi]itj’  1 ;li~,inccrin~l,  (Section 521). The
JP1, I)- 1489 product assurance. stald;i~li :,[)~~,il IUS non-(lrxljol]i(’  LiHlt tree. analysis for all ~lass
A and B fi ight equipment. II OWCVCI, t 1~~ ,1111 M ,Scdion 521 sla ff lcsourccs  are focused primarily
on analo:,  and digital circuit analysis, [Ilis nsjxulsibility  ly~)icall~’  falls upon Mechanical Systems
Ill&ineCring  (Division 350) within the ( lfl ic( oj ‘1’cxhllic:il  I)ivisioJls. In many cases, mechanical
design issues need to be resolved at ttlt’  $,y\[c[lis  Ihl:,inrcring  Ic.vc1,  but this organization is not
often involved throughout the dcsig[~ III LI:tss, I)UI itlf har(i~vfil  c. dcvclo])l]lcnt  ancl  test, every
major JP1. program should convell(  a 1 ‘I CI!)l,III 1 ailul {; Rcvicv’  }:oal  d whic]l draws membership
from Systems Engineering, P] (xlurt i? s\uI ,IIICC, Safctj’  1 ;Jl{:in(xving,,  a n d  ~oJlfiguration

Management, with the cognizant dcsi{’.n  ~tl}’,i IJ[ (Is irl sLI])jmI t. l’rc)vidin:, concurrent review of
problems and collective dwisioi~ll);+kitlj,  o:) ~o],~llons,  ttlis tx)dy ])rovcd cffe.ctivc  on the JI’L All
Source Analysis Systcrn (ASAS) p,roLIII(l lla)~iwarc  p]ogram ill con]lcc.ting, the various JPI~
organizations. improvement of the Rcli;tllility 1,~]~,illccr  irrg %xtiotl’s lncchanical  {icsign review
capabilities, including staff resoul  cm, st)(](ll~i  : Iw bc. c(msidcled.

The evolv ing J1’I. integrated (icsi~,ll  ; lltf ]Iltxie.iing,  envirt)filnc[lt  p]ovides a  v e n u e  f o r
inlplcmcnting  these rao]]]l]~c]~dati(j]ls ft)I S,!T ~IClII  I iil nmd(L] inj:$  ex]mJ  I systcJns,  concurrent review
of problems, cie.sign  review updat(s  ft)ll~)\vi] III, }~~lssio]l  cllail~,cs,  ali(i iin~)rovc~i  cc)ltllllllrlications
to remove imtitutional barriers. ‘1’lIc  1’] L!ILL1 llii~n (k:tltcr  vi]] sulqx)r[ cone.urrcnt cnginecxing
by bringing together all design S[uxia] i (ts a I i) ojcct  i nccption,  ; i[]d the 1 li~,ht  System l’cstbcd
will rexlucc  the cost of exploring, (i(.si~’,11  ,Ii[t’}  }l;+l  I\ m. ‘J’tlc co]n]mtc~  rcsourccs in these facilities



can accommodfitc  tools for captuti]lj’  ]I]i+iol] aod systems dcsip,il  lamwledge. l’hese resources
offer op}JortLlnities  forilllproved  Systtli]~l ~l~:l[~rcritll:  illsi#,llt  i]ltc)sys[clll-le.vel  functionalityand
interface compatibility. By revc.ali  11/1,  s~\[I..III  lt:ve]  (Icsign flaws ])rio~ to expensive test-and-fix
cycles, Reliability EnginccrinS ovct sij!,tlt  (,111 ,twis[ in lnc~litlp,  cost aTld schedule requirements.

‘1’hesc  mezhanica]  design issues will I LII Ia i II T ~’Ie,vtiIIt 10 fut urc s]xicw.raft  programs. l’hey are
applicable to the family of n~ini;llul  i~(.(i SI I;I( (:{.raf[ planned bjI NASA, which feature reduced
backup hardware. 13nvisione41  a~ 10WI CL}S[ aIl[l short dcvclopnlcnt  time, these programs are not
likely to receive the reliability tilltilysi~, I rs( nlrcc.s  forlncr] y drvoted to the design of large
missions like ~assini.  With less haldwfi t c t ({! tlnclm:y  in ttic stn;ill spacecraft, they will also be
more dcpcndcnt  on software to f) x ill ~li /1,11[ ] woblcnls. 1 ]owcvcr,  the rncchanical  problems
studied here were not amenable to di 1 ~:c[ s ~ft wti~ c sol[lt ions. Altlmugh  workarounds were
sometimes effective in reducing the II lisii( MI ) Ii)pacl,  the ncw st] Ian spacecraft are expected to
incorporate greater functional aulollo[) I)’ fr ~jI II p, I OUIId controllms.  Such autonomy would greatly

reduce mission operation and OIIICI 1 ifr ~:yd( costs. } IOWCVCJ, s])acc.craft  autonomy increases
the mission risk from unan[ici])altx] sl I 11(”1(1 ? iil/nmllarlical  flaws uflcorl ectab]e  by on-board
software., and independent deci siolllllii~  i t~/1, will IC*J1lCC  the abil i ty of p,tound controllers to
inq~lcmcnt  new corrective nlefis~lrc< I(J (().1111(  l;ict ullaflticipalci]  ]J1oblems,

Risk management in the next p,clwr,ltio;l  01 NASA sl)acccraf[  will I cquir-e  pmcluct assurance
programs that (ietcct fiailure  n~t.cl]til]i  ~11 IS (MI Ihe ~,round and alltici])atc  necessary corrective
actions so that they can be built irlto a~li{)rit)tt,t~lis  syst(lns. ‘1 ‘jlis will require i reproved product
assurance. efficiency which may Ilr :Ii[ain(’(i llj’ coll(.~clltratir~~,  ot] Iiistorically  important failure
mcchanislns and their effects an(i by ill[(.:,~,i(ill{’,  tllc p]oduct  assu IaIJcc.  function with the design
function throug,h  the Concurrent cnf,ilit>c!  il]~’, ]~Jorx’ss.

I NI)NO”I’1

1, []; JX)III  p a g e  18, r o w  4] A IIIIII)bCI  (If (ht.’ ] 1<(1 2111(JJIIdly lfq)m h dcscribd  a SYJllptoJll  in w h i c h
tdmctry indicated a large or il)crra~i]lj:  “IIINI  II(’ value.” in lrm (ial ln(xle, the scan platform attitude
estimate needcil  for science ])oitlt i]l}’, i~ (i,.1(.l II II IIVd fI()[II ~ylo  data. Several ti]nes per revolution, the
SEQI1)  procedure identifies a slaI ‘1 )1( S!{\I (I;+ta is iIsd 10 ulddlc the gyro-hase41 platform attitude
txtimate. An update  value, ildi(,{t  irl[ ;{ LII:.:1 cpan(y I)etivet’u tllc ~,yro-based and the star-based
attitude estimates, is interpretcLl  at u ))mill[)l)  (IroI. All irlcrcasil~,q uldato value may be consistent

with a failure mode like hearinj’,  Nrt’.tI (1111.


